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CAPS  cleaved amplified polymorphic sequence 
CS  a common wheat cultivar ‘Chinese Spring’ 
EST  expressed sequence tag 
Gb  billion bases 
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IWGSC  the International Wheat Genome Sequencing Consortium 
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Chapter I  
General introduction  
 
Aegilops tauschii Coss. is a wild diploid wheat relative with genome constitution of DD, 
and has wide distribution range in central Eurasia from northern Syria and southeastern 
Turkey to western China (van Slageren 1994; Matsuoka et al. 2008). The D genome of 
Ae. tauschii was introduced into common wheat (Triticum aestivum L. with the BBAADD 
genome) through interspecific hybridization with domesticated emmer wheat (T. 
turgidum L. subspecies dicoccum Schübl. with the BBAA genome) and the following 
amphidiploidization about 8,000 years ago (Matsuoka 2011; Mirzaghaderi and Mason 
2017). This evolutionary path has been reproduced by crossing cultivated tetraploid 
wheat and Ae. tauschii, which results in synthetic hexaploid wheat (Kihara and Lilienfeld 
1949; Matsuoka and Nasuda 2004; Takumi et al. 2009a; Kajimura et al. 2011). Using 
synthetic hexaploid lines as intermediates, the wide phenotypic variation of Ae. tauschii 
can be brought into common wheat, and thus Ae. tauschii is a useful genetic resource for 
wheat breeding (Zohary et al. 1969; Mujeeb et al. 1996; Jones et al. 2013; Jafarzadeh et 
al. 2016).  
Ae. tauschii has been traditionally classified into two subspecies by spikelet shape; 
Ae. tauschii Coss. subspecies tauschii show cylindrical spikelets, whereas Ae. tauschii 
Coss. subspecies strangulata (Eig) Tzvel. is characterized by quadrate spikelets (Eig 
1929; Hammer 1980). Subspecies tauschii has a wide distribution throughout the species 
habitat, whereas subspecies strangulata is discovered in a narrow range of Transcaucasus 
and the southern coastal region of Caspian Sea (Eig 1929). Continuous morphological 
intermediates between the two subspecies are also observed frequently (Dudnikov 1998). 
Subspecies strangulata is monotypic, whereas subspecies tauschii is composed of three 
varieties, variety tauschii, variety anathera, and variety meyeri. Variety meyeri has some 
 
features such as rosette structure, short spike, and fewer spikelets per spkie, and variety 
anathera is simply judged by the awnless phenotype. However, very little is known about 
the genetic basis for the intraspecific classification and the phylogenetic relationships 
between these subspecies and varieties.  
Genealogical analysis on chloroplast variations revealed that the Ae. tauschii 
population is classified into 18 haplogroups and four large haplogroup lineages, HGL7, 
HGL9, HGL16, and HGL17 (Matsuoka et al. 2008). HGL7, the largest haplogroup 
lineage, is in the middle of the genetic network and distributed throughout the species 
habitat, whereas HGL9 and HGL16 are found in western and eastern region, respectively, 
suggesting that HGL9 and HGL16 were diverged from HGL7. The subsequent studies, 
based on Bayesian Population structure analyses using genome-wide marker systems, 
revealed that Ae. tauschii accessions are divided into three groups; two major lineages, 
TauL1 and TauL2, and one minor lineage, TauL3 (Mizuno et al. 2010b; Matsuoka et al. 
2013; Wang et al. 2013). The TauL1 represent all of the HGL16 and some of the HGL7 
accessions and is distributed throughout the species range from Transcaucasus to Pakistan 
and Afghanistan, whereas the TauL2 is composed of all HGL9 and the other HGL7 
accessions and confined to the western region, and TauL3, consistent with HGL17, is 
specific to Georgia. Although all the three lineages coexist in the western region of the 
species range, very few genetic intermediates are found, and these lineages appear to be 
reproductively isolated (Wang et al. 2013). These genealogical analyses on chloroplast 
and nuclear genomes together tell an intraspecific diversification story (Mizuno et al. 
2010b); HGL7 first diverged from HGL17 (TauL3) and other extinct lineages, and then 
TauL1 and TauL2 were formed within HGL7, followed by the occurrence of HGL9 in 
TauL1 and HGL16 in TauL2. TauL1 and TauL2 are further divided into two sublineages 
‘a’ and ‘b’, respectively (Matsuoka et al. 2013; Wang et al. 2013). The wide distribution 
of TauL1 is attributed to the eastward migration of the sublineage TauL1b (Matsuoka et 
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al. 2015). The TauL2a and TauL2b accessions are generally found in western and eastern 
region of the TauL2 habitat, respectively, although their distributions widely overlap. 
Subspecies tauschii is observed in all the three lineages, whereas subspecies strangulata 
is restricted to TauL2 (Mizuno et al. 2010b). In addition, variety anathera and meyeri were 
specific to TauL1 and TauL2, respectively, indicating that the conventional botanical 
classification does not necessarily reflect the intraspecific genealogical relationships.  
Previous analyses on isozyme and DNA polymorphisms agreed that common wheat 
speciation took place in the region from Transcaucasus to southwestern Caspian Iran 
(Tsunewaki 1966; Nakai 1978; Dvorak et al. 1998). In addition, many studies have 
assumed subspecies strangulata to have donated the D genome to common wheat 
(Nishikawa 1973; Nishikawa et al. 1980; Jaaska 1981; Lagudah and Halloran 1988; 
Dvorak et al. 2012, Dudnikov 2017). However, the existence of the morphological 
intermediates makes it difficult to distinguish subspecies strangulata from subspecies 
tauschii, and the accessions identified as being closest to the D genome of common wheat 
in these previous studies might be, in fact, subspecies tauschii (Wang et al. 2013).  
The population structure studies mentioned above showed that TauL2 and TauL3 
were more closely related to the D genome of wheat than TauL1 (Matsuoka et al. 2013), 
and that most of the accessions genetically close to the common wheat D genome were 
subspecies tauschii in TauL2b, not subspecies strangulata (Wang et al. 2013). However, 
the divergence time of TauL2 and the wheat D genome was estimated to be about 0.5 
million years ago, much earlier than the common wheat speciation (Matsuoka et al. 2013; 
Marcussen et al. 2014), indicating that TauL2 is not the closest sister of the wheat D 
genome. In a recent study, two indices for reproductive isolation, anther length (an index 
for outcrossing potential or pre-pollination) and crossability with a tetraploid wheat 
cultivar (for post-pollination), were measured in Ae. tauschii accessions, and the expected 
reproductive barrier was stronger in TauL1 than in TauL2, empirically supporting the idea 
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that the wheat D genome was derived from the Ae. tauschii TauL2 accessions (Matsuoka 
and Takumi 2017).  
Post-pollination (or postzygotic) reproductive isolation in the triploid hybrid between 
tetraploid wheat and Ae. tauschii exhibits several phenotypes of abnormal growth 
(Nishikawa 1962; Mizuno et al. 2010a). In type III necrosis, cell death occurs from older 
tissues (Mizuno et al. 2010a), whereas type II necrosis lines show the phenotype under 
low temperature (Matsuda et al. 2012, 2017; Sakaguchi et al. 2016). Hybrid chlorosis is 
characterized by the leaves turning yellowish with age and by accelerated senescence 
(Nakano et al. 2015; Hirao et al. 2016), and hybrid plants with severe growth abortion 
(SGA) phenotype stop growing before the third or fourth leaf stage (Matsuoka and 
Nasuda 2004; Takumi et al. 2009a). Hybrid chlorosis and SGA are confined to TauL2, 
whereas type II and III hybrid necrosis are only found in TauL1, indicating the 
independent development of these reproductive barriers after lineage diversification 
(Mizuno et al. 2010a). Germination failure and hybrid sterility are also observed in the 
triploid plants (Nishikawa 1960; Matsuoka et al. 2007, 2013).  
The large and repetitive genomes of Triticum and Aegilops species, as well as the 
polyploidy nature of emmer and bread wheats, have hindered the establishment of their 
reference genomes. The genome sizes of Ae. tauschii, tetraploid, and bread wheat were 
estimated to be ~4.36 Gb, ~12 Gb, and ~17 Gb, respectively (Jia et al. 2013; IWGSC 
2014; Avni et al. 2017). The intergenic regions are full of repetitious transposable 
elements, which are mostly longer than the Illumina reads (Li et al. 2004; Zimin et al. 
2017a). Moreover, the three homoeologous genomes of common wheat show high 
identity of about 97% in the coding regions (Krasilva et al. 2013). Since 2012, there have 
been three reports on common wheat genome sequencing, with total assembly of 5.42 Gb 
(Brenchley et al. 2012), 10.2 Gb (IWGSC 2014), and 12.7 Gb (Clavijo et al. 2017), 
although these assemblies were highly fragmented. Draft genomes of Ae. tauschii and T. 
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urartu, the diploid progenitor of the A genome, have been released with 4.23-Gb and 
3.92-Gb assemblies, respectively (Jia et al. 2013; Ling et al. 2013), but many scaffolds 
and contigs were not anchored to chromosomes. A physical map of Ae. tauschii covering 
4 Gb of the genome was also published, albeit the access to the sequences was limited 
(Luo et al. 2013b). However, recent technological advances in sequencing platforms and 
assembly algorithms, such as Illumina HiSeq X Ten, PacBio RS II and Sequel system, 
10x Genomics Chromium System, Bionano optical genome mapping, and NRGene 
DeNovoMAGIC, are enabling the development of reference-level genome sequences of 
wheat and its relatives. In 2017, accomplishments of genomic sequencing have been 
announced in several wheat species; Zimin et al. (2017a) published a near-complete 
assembly of common wheat with total assembly length of 15.3 Gb and N50 of 232,659 
bases. The pre-publication data of IWGSC are now available on https://wheat-
urgi.versailles.inra.fr/Seq-Repository/Assemblies. For wild emmer wheat, a 10.1-Gb 
assembly has been reported (Avni et al. 2017). In addition, three assemblies of Ae. 
tauschii genome were independently announced (Zimin et al. 2017b; Luo et al. 2017; 
Zhao et al. 2017). These virtually complete reference genome sequences are accelerating 
genetic and genomic studies of wheat and its relatives on an unprecedented scale.  
Ae. tauschii natural population exhibits tremendous variation in morphological and 
physiological traits. Early flowering accessions tend to be observed in the eastern region 
(Matsuoka et al. 2008, 2015), and variations in several genetic loci related to early 
flowering, such as Vrn-D1, Ppd-D1, and VRN2, have been reported (Takumi et al. 2011; 
Huang et al. 2012; Kippes et al. 2016; Koyama et al. 2018). There are geographical clines 
in spikelet morphological trait; spikelets tend to be small in eastern and southern regions 
(Matsuoka et al. 2009; Takumi et al. 2009b). Eastern accessions also show high seed 
productivity (Matsuoka et al. 2015) and salt tolerance during germination and seedling 
growth (Saisho et al. 2016), and these traits as well as early flowering phenotype, which 
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are highly accumulated in subspecies TauL1b, could have been the driving force of the 
species’ eastward expansion. Thus, the phenotypic variations might underlie the 
genealogical diversification, and detailed analyses of their genetic bases would provide 
us new information on the evolutionary path of Ae. tauschii. Notably, the TauL1b 
accessions with these agronomically important traits seem to have not been involved in 
the common wheat speciation event (Matsuoka et al. 2013; Wang et al. 2013), suggesting 
that the phenotypic and genetic diversity within TauL1 will be useful for wheat breeding.  
The aims of this dissertation are (1) to re-evaluate the phenotypic variation in Ae. 
tauschii natural population according to the latest genealogical classification, e.g. 
glaucousness in Chapter II and spike morphological traits in Chapter III, (2) to identify 
genetic loci underlying these natural variations using F2 mapping populations, (3) to 
assess the population structure of Ae. tauschii based on genome-wide polymorphisms in 
the coding region, excluding the intergenic region, and (4) to provide new insights into 
the evolutionary history of intraspecific diversification in Ae. tauschii and the speciation 
of common wheat.  
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Table I-1. List of the 210 Ae. tauschii accessions used in this dissertation 
Accession country Lower taxon Sublineage* 
PI476874 Afghanistan ssp. tauschii TauL1b 
KU-2028 Afghanistan var. anathera TauL1b 
KU-2059 Afghanistan var. anathera TauL1b 
KU-2636 Afghanistan var. anathera TauL1b 
KU-2616 Afghanistan var. tauschii - 
KU-2010 Afghanistan var. tauschii TauL1b 
KU-2012 Afghanistan var. tauschii TauL1b 
KU-2016 Afghanistan var. tauschii TauL1b 
KU-2018 Afghanistan var. tauschii TauL1b 
KU-2022 Afghanistan var. tauschii TauL1b 
KU-2025 Afghanistan var. tauschii TauL1b 
KU-2027 Afghanistan var. tauschii TauL1b 
KU-2032 Afghanistan var. tauschii TauL1b 
KU-2035 Afghanistan var. tauschii TauL1b 
KU-2039 Afghanistan var. tauschii TauL1b 
KU-2042 Afghanistan var. tauschii TauL1b 
KU-2043 Afghanistan var. tauschii TauL1b 
KU-2044 Afghanistan var. tauschii TauL1b 
KU-2050 Afghanistan var. tauschii TauL1b 
KU-2051 Afghanistan var. tauschii TauL1b 
KU-2056 Afghanistan var. tauschii TauL1b 
KU-2058 Afghanistan var. tauschii TauL1b 
KU-2061 Afghanistan var. tauschii TauL1b 
KU-2063 Afghanistan var. tauschii TauL1b 
KU-2066 Afghanistan var. tauschii TauL1b 
KU-2612 Afghanistan var. tauschii TauL1b 
KU-2621 Afghanistan var. tauschii TauL1b 
KU-2624 Afghanistan var. tauschii TauL1b 
KU-2627 Afghanistan var. tauschii TauL1b 
KU-2630 Afghanistan var. tauschii TauL1b 
KU-2632 Afghanistan var. tauschii TauL1b 
KU-2633 Afghanistan var. tauschii TauL1b 
KU-2638 Afghanistan var. tauschii TauL1b 
KU-2639 Afghanistan var. tauschii TauL1b 
KU-2617 Afghanistan var. tauschii TauL1b 
KU-2635 Afghanistan var. tauschii TauL1b 
KU-2619 Afghanistan var. tauschii TauL1x 
IG48747 Armenia ssp. tauschii TauL1a 
IG48758 Armenia ssp. tauschii TauL1a 
IG126273 Armenia ssp. tauschii TauL1a 
IG126280 Armenia ssp. tauschii TauL1a 
IG126353 Armenia ssp. tauschii TauL1a 
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CGN10734 Armenia ssp. tauschii TauL1a 
IG48748 Armenia ssp. tauschii TauL1a 
IG126293 Armenia ssp. tauschii TauL1a 
IG127015 Armenia ssp. tauschii TauL1b 
IG47173 Armenia ssp. tauschii TauL2a 
IG126991 Armenia ssp. tauschii TauL2a 
KU-2809 Armenia var. anathera TauL1a 
KU-2810 Armenia var. tauschii TauL1a 
KU-2814 Armenia var. tauschii TauL1a 
KU-2816 Armenia var. tauschii TauL1a 
KU-2821 Armenia var. tauschii TauL1a 
KU-2822A Armenia var. tauschii TauL1a 
KU-2823 Armenia var. tauschii TauL1a 
KU-2824 Armenia var. tauschii TauL1a 
KU-2811 Armenia var. tauschii TauL2a 
CGN10731 Azerbaijan ssp. tauschii - 
CGN10732 Azerbaijan ssp. tauschii - 
IG47196 Azerbaijan ssp. tauschii TauL1a 
IG47193 Azerbaijan ssp. tauschii TauL2a 
IG47199 Azerbaijan ssp. tauschii TauL2a 
IG47204 Azerbaijan ssp. tauschii TauL2a 
IG47202 Azerbaijan ssp. tauschii TauL2b 
IG47182 Azerbaijan ssp. tauschii TauL2x 
IG47186 Azerbaijan ssp. tauschii TauL2x 
IG47188 Azerbaijan ssp. tauschii TauL2x 
IG47192 Azerbaijan ssp. tauschii TauL2x 
IG47194 Azerbaijan ssp. tauschii TauL2x 
IG47203 Azerbaijan ssp. tauschii TauL2x 
KU-2804 Azerbaijan var. tauschii TauL2a 
KU-2806 Azerbaijan var. tauschii TauL2a 
KU-2801 Azerbaijan var. tauschii TauL2x 
AT47 China ssp. tauschii TauL1a 
AT55 China ssp. tauschii TauL1b 
AT60 China ssp. tauschii TauL1b 
AT76 China ssp. tauschii TauL1b 
AT80 China ssp. tauschii TauL1b 
PI499262 China ssp. tauschii TauL1b 
PI508262 China ssp. tauschii TauL1b 
PI508264 China ssp. tauschii TauL1b 
IG48274 Dagestan ssp. tauschii TauL2a 
IG120863 Dagestan ssp. tauschii TauL2a 
IG120866 Dagestan ssp. tauschii TauL2x 
KU-20-1 Dagestan var. tauschii TauL2a 
AE933 Georgia ssp. tauschii TauL1a 
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AE1037 Georgia ssp. tauschii TauL2a 
AE454 Georgia ssp. tauschii TauL3 
AE457 Georgia ssp. tauschii TauL3 
AE929 Georgia ssp. tauschii TauL3 
KU-2826 Georgia var. tauschii TauL1a 
KU-2828 Georgia var. tauschii TauL1a 
KU-2834 Georgia var. tauschii TauL1a 
KU-2836 Georgia var. tauschii TauL1a 
KU-2827 Georgia var. tauschii TauL2a 
KU-2835B Georgia var. tauschii TauL2a 
KU-2829A Georgia var. tauschii TauL3 
KU-2832 Georgia var. tauschii TauL3 
IG48042 India ssp. tauschii TauL1x 
KU-2088 Iran ssp. strangulata TauL2b 
KU-2090 Iran ssp. strangulata TauL2b 
KU-2091 Iran ssp. strangulata TauL2b 
KU-2092 Iran ssp. strangulata TauL2b 
KU-2093 Iran ssp. strangulata TauL2b 
KU-20-9 Iran ssp. strangulata TauL2x 
KU-2074 Iran ssp. strangulata TauL2x 
KU-2075 Iran ssp. strangulata TauL2x 
KU-2076 Iran ssp. strangulata TauL2x 
KU-2077 Iran ssp. strangulata TauL2x 
KU-2078 Iran ssp. strangulata TauL2x 
KU-2079 Iran ssp. strangulata TauL2x 
KU-2080 Iran ssp. strangulata TauL2x 
IG49095 Iran ssp. tauschii TauL1a 
KU-2087 Iran ssp. tauschii TauL1b 
KU-2096 Iran ssp. tauschii TauL2b 
KU-2102 Iran ssp. tauschii TauL2b 
KU-20-10 Iran var. meyeri TauL2b 
KU-2100 Iran var. meyeri TauL2b 
KU-2108 Iran var. meyeri TauL2b 
KU-2109 Iran var. meyeri TauL2b 
KU-2158 Iran var. meyeri TauL2b 
KU-2160 Iran var. meyeri TauL2b 
KU-2113 Iran var. tauschii TauL1a 
KU-2115 Iran var. tauschii TauL1a 
KU-2116 Iran var. tauschii TauL1a 
KU-2120 Iran var. tauschii TauL1a 
KU-2121 Iran var. tauschii TauL1a 
KU-2142 Iran var. tauschii TauL1a 
KU-2143 Iran var. tauschii TauL1a 
KU-2144 Iran var. tauschii TauL1a 
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KU-2145 Iran var. tauschii TauL1a 
KU-2148 Iran var. tauschii TauL1a 
KU-2149 Iran var. tauschii TauL1a 
KU-2150 Iran var. tauschii TauL1a 
KU-2152 Iran var. tauschii TauL1a 
KU-2151 Iran var. tauschii TauL1a 
KU-2082 Iran var. tauschii TauL1b 
KU-2068 Iran var. tauschii TauL1x 
KU-2122 Iran var. tauschii TauL1x 
KU-2153 Iran var. tauschii TauL1x 
KU-2154 Iran var. tauschii TauL1x 
KU-2157 Iran var. tauschii TauL1x 
KU-20-7 Iran var. tauschii TauL2a 
KU-20-8 Iran var. tauschii TauL2a 
KU-2083 Iran var. tauschii TauL2a 
KU-2086 Iran var. tauschii TauL2a 
KU-2111 Iran var. tauschii TauL2a 
KU-2112 Iran var. tauschii TauL2a 
KU-2118 Iran var. tauschii TauL2a 
KU-2124 Iran var. tauschii TauL2a 
KU-2126 Iran var. tauschii TauL2a 
KU-2155 Iran var. tauschii TauL2a 
KU-2156 Iran var. tauschii TauL2a 
KU-2069 Iran var. tauschii TauL2b 
KU-2097 Iran var. tauschii TauL2b 
KU-2098 Iran var. tauschii TauL2b 
KU-2101 Iran var. tauschii TauL2b 
KU-2103 Iran var. tauschii TauL2b 
KU-2104 Iran var. tauschii TauL2b 
KU-2105 Iran var. tauschii TauL2b 
KU-2106 Iran var. tauschii TauL2b 
KU-2107 Iran var. tauschii TauL2b 
KU-2159 Iran var. tauschii TauL2b 
KU-2110 Iran var. tauschii TauL2x 
AE1090 Kazakhstan ssp. tauschii TauL1b 
IG131606 Kyrgyzstan ssp. tauschii TauL1b 
IG46663 Pakistan ssp. tauschii TauL1b 
IG46666 Pakistan ssp. tauschii TauL1b 
IG46682 Pakistan ssp. tauschii TauL1b 
IG108561 Pakistan ssp. tauschii TauL1b 
CGN10767 Pakistan ssp. tauschii TauL1b 
CGN10768 Pakistan ssp. tauschii TauL1b 
CGN10769 Pakistan ssp. tauschii TauL1b 
CGN10770 Pakistan ssp. tauschii TauL1b 
  
CGN10771 Pakistan ssp. tauschii TauL1b 
KU-20-6 Pakistan var. anathera TauL1b 
KU-2003 Pakistan var. anathera TauL1b 
KU-2001 Pakistan var. tauschii TauL1b 
KU-2006 Pakistan var. tauschii TauL1b 
KU-2008 Pakistan var. tauschii TauL1b 
IG47259 Syria ssp. tauschii TauL1x 
IG46623 Syria ssp. tauschii TauL2b 
IG48554 Tajikistan ssp. tauschii TauL1b 
IG48559 Tajikistan ssp. tauschii TauL1b 
IG48564 Tajikistan ssp. tauschii TauL1b 
AE1038 Tajikistan ssp. tauschii TauL1b 
PI486270 Turkey ssp. tauschii TauL1a 
PI486274 Turkey ssp. tauschii TauL1a 
PI486277 Turkey ssp. tauschii TauL1a 
PI554319 Turkey ssp. tauschii TauL1a 
PI486267 Turkey ssp. tauschii TauL2a 
KU-2131 Turkey var. tauschii TauL1a 
KU-2132 Turkey var. tauschii TauL1a 
KU-2133 Turkey var. tauschii TauL1a 
KU-2136 Turkey var. tauschii TauL1a 
KU-2137 Turkey var. tauschii TauL1a 
KU-2138 Turkey var. tauschii TauL1a 
KU-2140 Turkey var. tauschii TauL1a 
KU-2141 Turkey var. tauschii TauL1a 
CGN10733 Turkmenistan ssp. tauschii - 
IG48518 Turkmenistan ssp. tauschii TauL1b 
IG120735 Turkmenistan ssp. tauschii TauL1b 
IG126387 Turkmenistan ssp. tauschii TauL1b 
IG126489 Turkmenistan ssp. tauschii TauL1b 
IG48508 Turkmenistan ssp. tauschii TauL1x 
IG48539 Uzbekistan ssp. tauschii TauL1b 
IG48565 Uzbekistan ssp. tauschii TauL1b 
IG48567 Uzbekistan ssp. tauschii TauL1b 
IG120736 Uzbekistan ssp. tauschii TauL1b 
IG123910 Uzbekistan ssp. tauschii TauL1b 
*Matsuoka et al. 2013 
KU: Plant Germ-Plasm Institute, Faculty of Agriculture, Kyoto University, Japan. PI: National 
Small Grains Research Facility, USDA-ARS, USA. IG: International Centre for Agricultural 
Research in the Dry Areas (ICARDA), Syria. AE: Institut für Pflanzengenetik und 
Kulturpflanzenforschung (IPK), Germany. AT: Faculty of Agriculture, Okayama University, 
Japan.  
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Chapter II  
Two genetic loci controlling glaucous phenotype in wild wheat progenitor Aegilops 
tauschii: implication for the evolution of common wheat  
 
This chapter is mainly based on these publications:  
Nishijima R, Iehisa JCM, Matsuoka Y, Takumi S (2014) The cuticular wax inhibitor locus 
Iw2 in wild diploid wheat Aegilops tauschii: phenotypic survey, genetic analysis, and 
implications for the evolution of common wheat. BMC Plant Biology 14:246. doi: 
10.1186/s12870-014-0246-y  
Nishijima R, Tanaka C, Yoshida K, Takumi S (submitted) Genetic mapping of a novel 
recessive allele for non-glaucousness in wild diploid wheat Aegilops tauschii: 
implication for the evolution of common wheat  
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Abstract  
Cuticlar wax deposition on plant surface functions as a barrier against many 
environmental stresses and expresses whitish appearance called glaucousness. Most 
cultivars of common wheat and tetraploid wheat show glaucous phenotype, whereas Ae. 
tauschii, a wild wheat progenitor, has both glaucous and non-glaucous accessions. Iw2, a 
dominant glaucous inhibitor lying on the short arm of chromosome 2D, is the main 
regulator of glaucous variation in common wheat. Since the Iw2 locus was introduced 
from Ae. tauschii to common wheat through the hybridization event, genetic dissection 
of the Iw2 region would give a new insight into the common wheat evolution. Here we 
show that Iw2 mainly controls natural variation of glaucousness in Ae. tauschii population 
and that almost all synthetic hexaploids inherit the glaucous or non-glaucous phenotypes 
from their parental Ae. tauschii accessions. However, two glaucous synthetic lines were 
derived from non-glaucous Ae. tauschii accessions, indicating that other loci besides Iw2 
contributed to their phenotype. The causal locus was mapped to the long arm of 
chromosome 3D, named W4. The dominance of glaucous W4 allele supported the non-
glaucousness of the Ae. tauschii accessions and the glaucousness of the derived synthetic 
lines. Taken together, the ancestral Ae. tauschii accessions involved in common wheat 
speciation could have been the glaucous accessions with W2W2iw2iw2W4W4 genotype.  
 
Keywords: allopolyploid speciation, cuticluar wax inhibitor, intraspecific variation, 
synthetic wheat, wheat evolution  
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Introduction  
Aerial surface of terrestrial plants is under incessant attacks from insects, pathogens, 
drought, and UV rays. Cuticular wax layer protects plants from these biotic and abiotic 
stresses (Sheperd and Griffiths 2006; Guo et al. 2016). Wax crystals coating leaf and stem 
exhibit whitish appearance, a trait called glaucousness. In common wheat, four major loci 
control glaucous phenotype; W1 and Iw1 on the short arm of chromosome 2B (2BS), and 
W2 and Iw2 on 2DS (Tsunewaki 1966; Tsunewaki and Ebana 1999; Wu et al. 2013). W1 
and W2 positively regulate wax production, and Iw1 and Iw2 epistatically inhibit them. 
Either of W loci is necessary for glaucousness, and either of Iw loci is sufficient for non-
glaucousness (Tsunewaki and Ebana 1999; Zhang et al. 2013). The non-glaucous 
phynotype is caused by the lack of β-diketone and its derivatives as wax component 
(Adamski et al. 2013; Zhang et al. 2013). Recently, W1 locus was characterized as a β-
diketone biosynthetic gene cluster, consisting of DMP (Diketone Metabolism-Polyketide 
synthase), DMC (Diketone Metabolism-P450 CYP709J4), and DMH (Diketone 
Metabolism-Hydrolases/carboxylesterase) (Hen-Avivi et al. 2016). Also, Iw1 locus was 
found to produce a long noncoding RNA which has an inverted repeat sequence highly 
homologous to W1-DMH (Huang et al. 2017). DMHs in both W1 and W2 are repressed 
by the Iw1-derived miRNA (Huang et al. 2017), which explains exactly the observation 
that the Iw loci are epistatic to the W loci.  
There are some other genetic regulators of glaucousness in common and tetraploid 
wheat: W3, a wax production locus on 2BS in common wheat (Zhang et al. 2015), Iw3, a 
glume glaucousness inhibitor on 1BS in wild emmer wheat, (Dubcovsky et al. 1997; 
Wang et al. 2014), and Ws, the first locus for glaucousness on 1AS in durum wheat 
(Gadaleta et al. 2009). QTL contributing to glaucousness are also reported in common 
wheat: a major QTL for flag leaf glaucousness on 3A (Bennett et al. 2012), QTLs for wax 
content of flag leaf on 1B, 3D and 5A (Mason et al. 2010; Mondal et al. 2015), and other 
minor QTLs for glaucous degree on many chromosomes (Börner et al. 2002; Kulwal et 
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al. 2003). In addition, transcription factors (TF) are involved in biosynthetic regulation 
of cuticle wax in common wheat: orthologs of Arabidopsis R2R3-MYB (TaMYB31 and 
TaMYB74) and Medicago truncatula WAX PRODUCTION-like TFs (TaWXPL1D and 
TaWXPL2B) (Bi et al. 2016, 2017b). FAR5 on chromosome 4D encodes a fatty acyl-
coenzyme A reductase and controls primary alcohol biosynthesis on the leaf blade (Wang 
et al. 2015).  
Almost all cultivated tetraploid wheat varieties are glaucous, whereas wild tetraploid 
wheat has both glaucous and non-glaucous accessions; suggesting that the glaucous 
phenotype might have been selected by human in the domestication process of tetraploid 
wheat (Tsunewaki and Ebana 1999; Simmonds et al. 2008). Most common wheat varieties 
carry the dominant alleles of W1 and W2, lack the Iw1 and Iw2 genes, and thus show 
glaucous phenotype, indicating that the Ae. tauschii accessions that provided D genome 
to common wheat probably possessed the recessive iw2 allele (Tsunewaki 1966; 
Tsunewaki and Ebana 1999). Non-glaucous Ae. tauschii accessions that have the W2 and 
Iw2 alleles widely distribute in central Eurasia (Tsunewaki 1966), while no non-glaucous 
accessions of Ae. tauschii with recessive w2 allele has been discovered. Thus, detailed 
dissection of natural variation of glaucousness in Ae. tauschii would provide a new insight 
into the origin of common wheat. The objectives of this study are (1) to evaluate the 
glaucous phenotypic variation in Ae. tauschii natural population, (2) to fine-map the Iw2 
locus using F2 populations of Ae. tauschii and synthetic hexaploids, (3) to explore, if any, 
a recessive allele of w2 that would be a non-glaucous factor outside of Iw2, and (4) to 
estimate, in terms of glaucousness, the Ae. tauschii accessions that were involved in 
common wheat speciation.   
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Materials and methods  
Plant materials and phenotype evaluation 
A set of 210 accessions of Ae. tauschii (Takumi et al. 2011) was used for the evaluation 
of glaucous phenotype. Their geographical coordinates were referred to previous reports 
(Matsuoka et al. 2007, 2008). Two F2 populations of Ae. tauschii, one from a cross 
between KU-2154 (non-glaucous) and KU-2126 (glaucous) and the other from a cross 
between KU-2003 (non-glaucous) and KU-2124 (glaucous), each consisting of 116 
individuals, were grown in the 2011–2012 season. To increase the population size, 169 
additional F2 individuals of the KU-2154/KU-2126 population were sown in November 
2012.  
In previous reports, 82 synthetic hexaploid wheat lines were generated from crosses 
between a tetraploid wheat cultivar Ldn and 69 accessions of Ae. tauschii (Takumi et al. 
2009a; Kajimura et al. 2011). Ldn has the glaucous W1W1iw1iw1 genotype (Adamski et 
al. 2013). Using these synthetic hexaploids, three F2 populations were produced: 
Ldn/PI476874, Ldn/IG126387, and Ldn/IG47259 as non-glaucous parents, and Ldn/ KU-
2069, Ldn/KU-2159, and Ldn/KU-2124 as glaucous parents. The numbers of F2 
individuals were 106 for Ldn/PI476874//Ldn/KU-2069, 100 for Ldn/KU-
2159//Ldn/IG126387, and 82 for Ldn/KU-2124//Ldn/IG47259, respectively. Seeds from 
the first population were sown in a glasshouse at the Kobe University in November 2009. 
Seeds from the other two populations were grown in the 2011–2012 season. Glaucous 
phynotype was judged by the presence or absence of wax production on the surface of 
peduncles and spikes after flowering stage in both Ae. tauschii and synthetics. 
For analysis of a novel glaucousness-determining locus besides Iw2, an F2 mapping 
population was produced from a cross between KU-2105 (non-glaucous) and KU-2126 
(glaucous). Seeds of the 200 F2 indivisuals were sown in November 2015.  
To analyze the Iw2 chromosomal region of common wheat, 17 glaucous Iranian 
landraces were used; KU-3097, KU-3098, KU-3121, KU-3126, KU-3136, KU-3162, 
  
KU-3184, KU-3189, KU-3202, KU-3232, KU-3236, KU-3274, KU-3289, KU-10393, 
KU-10439, KU-10480, and KU-10510. The seeds were provided by the National 
BioResource Project (NBRP) KOMUGI (http://www.shigen. nig.ac.jp/wheat/komugi). 
 
Genotyping and linkage map construction 
Total DNA was extracted from leaves of the parental accessions and F2 individuals for 
genotyping of each plant using SSR. SSR marker information was referred to the 
GrainGenes website (https://wheat.pw.usda.gov/GG2/index.shtml). SSR products were 
enriched in 40 cycles of PCR with 2x Quick Taq HS DyeMix (TOYOBO, Osaka, Japan) 
under following conditions: 94°C for 10 s, the proper annealing temperature for 30 s, and 
68°C for 30 s. Electrophoresis was performed to resolve PCR products using 2% agarose 
or 13% non-denaturing polyacrylamide gels, and the gels were stained by ethidium 
bromide and then visualized under UV light. For linkage map construction and genetic 
mapping of the glaucous loci, the MAPMAKER/EXP version 3.0 package was used with 
the threshold for LOD score of 3.0 (Lander et al. 1987). One gene-specific marker for the 
Ppd-D1 locus (Beales et al. 2007), and two EST-derived STS markers, TE6 and WE6 (Liu 
et al. 2007), were also used for linkage analysis of chromosome 2DS.  
 
Additional marker development linked to Iw2 
To add more markers to the Iw2 chromosomal region, SNP information derived from 
RNA-seq analysis of two Ae. tauschii accessions were used (Iehisa et al. 2012, 2014). 
Contigs on which these SNPs lay were blastn searched against genome sequence of barley 
(IBSC 2012), which were composed of high-confidence genes with an E-value threshold 
of 10−5 and hit length ≥ 50 bp, fingerprinted contigs, and whole genome shotgun 
assemblies. Based on the newly developed SNP markers surrounding the Iw2 locus and 
their position on the barley genome, the chromosomal part between 3.66 Mb and 5.51 Mb 
on chromosome 2HS of barley was defined as the target region of barley corresponding 
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to the Iw2 region of Ae. tauschii. All genes on the Ae. tauschii scaffolds were also blastn 
searched against the barley genome (Jia et al. 2013; IBSC 2012). Scaffolds with at least 
one gene mapped to the target region of barley were selected. Scaffolds without genes 
were blastn searched by themselves to the barley genome. Similarly, additional Ae. 
tauschii scaffolds were chosen that were mapped to the corresponding region of Ae. 
tauschii physical map (Luo et al. 2013b). To find SSR motifs in the candidate scaffolds, 
SciRoKo version 3.4 was used with the setting of “mismatched; fixed penalty” (Kofler et 
al. 2007). In addition, some scaffolds were sequenced to identify SNPs between the two 
parental accessions, KU-2154 and KU-2126. PCR amplicons of about 700bp were 
sequenced using Applied Biosystems 3730xl DNA Analyzer (Applied Biosystems, Foster 
City, CA, USA), and sequences of the two accessions were aligned using GENETYX-
MAC version 12.00 software to extract SNPs (Whitehead Institute for Biomedical 
Research, Cambridge, MA, USA). The detected SNPs were converted into CAPS or 
HRM markers. Table II-1 summarizes the primer sequences and any relevant restriction 
enzymes of the SNP markers. PCR and following analyses were conducted according to 
a previous report (Iehisa et al. 2012).  
 
Blast search of the Ae. tauschii genes against the Brachypodium genome 
Collinearity between Ae. tauschii and Brachypodium genes were analyzed by searching 
Ae. tauschii genes against Brachypodium genes with blastx (Jia et al. 2013; IBI 2010). 
Brachypodium genes were blastx searched against the National Center for Biotechnology 
Information (NCBI) NR protein database with an E-value cut-off of 10−3.  
 
Association analysis of the Iw2-linked markers with glaucous variation 
Association analysis was performed using the Q + K method with a mixed linear model 
function in TASSEL ver. 5.0 software (Bradbury et al. 2007), by incorporating phenotypic, 
genotypic, and population structural data. The population structure of Ae. tauschii was 
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predicted using the DArT marker genotype information of 206 accessions (Matsuoka et 
al. 2013, 2015). The calculation of the kinship and the Q-matrix of population 
membership probabilities were referred to a previous report (Sakaguchi et al. 2016). The 
P value of 1E−3 was set as a threshold for a significant association.  
 
Results  
Natural variation of glaucouness among Ae. tauschii accessions
Out of the 210 Ae. tauschii accessions, 20 were glaucous and 190 were non-glaucous 
(Figure II-1A-D, Table2). There was no phenotypic contradiction between Fukui and 
Kobe fields. The 20 glaucous accessions included 19 TauL2 accessions and one TauL1 
accession, IG127015 from Armenia (Table II-2), and were distributed from Transcaucasia 
to the southern coastal region of the Caspian Sea (Figure II-1H). There were no glaucous 
accessions in the eastern habitats, from central Asia to Western China.  
Out of the 82 lines of synthetic wheat, 15 showed glaucous phenotype (Figure II-1E-
G) and 67 exhibited non-glaucous phenotype (Table II-3). All non-glaucous lines were 
derived from crosses between Ldn and non-glaucous Ae. tauschii accessions, whereas 13 
out of the 15 glaucous lines were derived from crosses between Ldn and glaucous Ae. 
tauschii accessions. Interestingly, two glaucous lines were produced by crossing Ldn with 
non-glaucous accessions, KU-2104 and KU-2105.   
 
Mapping of the Iw2 locus in F2 populations of Ae. tauschii and synthetic wheat 
To map the loci inhibiting glaucousness, five F2 populations were used; two Ae. tauschii 
populations and three synthetic hexaploid populations. Each F1 plant of the five crosses 
were non-glaucous. The segregating ratios between non-glaucous and glaucous 
individuals significantly fitted 3:1 in all the five populations (Table II-4), indicating that 
a single locus governed the glaucous phenotypic differences, and that the dominant allele 
represented non-glaucousness.  
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A single locus conferring non-glaucous phenotype was assigned to chromosome 2DS 
in each mapping population (Figure II-2). In the two Ae. tauschii populations, KU-
2003/KU-2124 and KU-2154/ KU-2126, the map lengths were 230.0 cM and 175.4 cM 
and average inter-loci spacings were 8.85 cM and 10.32 cM, respectively. In the three 
synthetic wheat populations (Ldn/ KU-2159//Ldn/IG126387, Ldn/KU-
2124//Ldn/IG47259, and Ldn/PI476874//Ldn/KU-2069), the map lengths were 79.4, 80.9, 
and 93.8, and average inter-loci intervals were 4.67, 5.78, and 8,53, respectively. The non-
glaucous locus was mapped to the similar position in each population (Figure II-2).  
Two EST-derived STS markers, TE6 and WE6, were reported to link to Iw2 in two 
mapping populations (Liu et al. 2007; Okamoto et al. 2012). In the three of five F2 
populations in this study, the locus for non-glaucousness were also linked to these STS 
markers, showing that this locus corresponding to the Iw2 locus (Tsunewaki and Ebana 
1999; Huang et al. 2017). Thus, the non-glaucous locus on 2DS in the five population 
were assumed to be the same locus as Iw2. 
 
Fine mapping of the Iw2 region 
To obtain markers more closely linked to Iw2, the SNPs derived from RNA-seq were used 
(Iehisa et al. 2012, 2014). Seven Xctg markers were developed, and four of them were 
mapped to 8.8cM interval around the Iw2 locus in KU-2154/ KU-2126 population (Figure 
II-3). The four cDNA from which these Xctg markers derived were blastn searched 
against the barley genome to define the barley chromosomal range on 2HS corresponding 
to the Iw2 region on 2DS. Based on the synteny between barley and wheat, 18 Ae. tauschii 
scaffolds were chosen which were mapped via blastn search to the target genomic region 
of barley. In addition, six Ae. tauschii scaffolds were mapped in silico to the 
corresponding target range on Ae. tauschii physical map of 2DS (Luo et al. 2013b), and 
two of these six scaffolds were also selected in barley. CAPS and SSR markers were 
developed from the selected Ae. tauschii scaffolds, and polymorphic markers between 
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KU-2154 and KU-2126 were used for the genotyping of the F2 population (Figure II-3).  
Out of the 22 scaffolds, 19 were actually anchored to the Iw2 region, and the others 
were mapped to other chromosomes. The Iw2 locus was assigned to the 1.1 cM spacing 
between S51038-8, derived from scaffold51038, and WE6, one of the STS markers. Five 
markers which were designed from scaffolds 10812 and 82981 were co-localized with 
Iw2. The markers were aligned according to the in-silico order on the barley chromosome, 
except for scaffolds 43106 and 9655 (Figure II-3), which suggested that a chromosomal 
inversion occurred along the divergence of the two species.  
To fine-map Iw2, the number of F2 individuals were increased from 116 to 285 in 
the KU-2154/KU-2126 population. Xctg216249 and S51038-8 were mapped 0.1 cM 
distal to Iw2, and WE6 was assigned 0.6 cM proximal to Iw2. Five markers derived from 
scaffolds 10812 and 82981 were co-localized with Iw2 (Figure II-4A). Five scaffolds, 
ranging from 63 kb to 334 kb and containing one to 16 genes (Jia et al. 2013), were 
anchored to the Iw2 region (Figure II-4B). Out of the 12 markers from the five scaffolds, 
four were designed from the open reading frames, and the others from intergenic 
sequences.  
In total, 27 of the 36 genes from the five scaffolds were successfully annotated (Table 
II-5); 10 for cytochrome P450 monooxygenase proteins, and eight for disease-related 
proteins, and the others for laccase, agmatine coumaroyltransferase, receptorkinase, and 
cell number regulator 2-like.  
The genes on the five Ae. tauschii scaffolds were blastn searched against 
Brachypodium gene sets, and 18 out of 36 genes had evident Brachypodium orthologues 
(Figure II-4C, Table II-5). Four out of five Ae. tauschii scaffolds had Brachypodium 
orthologs from 987 kb to 1068 kb of Brachypodium chromosome 5. Moreover, 
AEGTA20985 on scaffold79543 was orthologous to three Brachypodium palalogs, 
Bradi5g01220.1, Bradi5g01220.2 from 1133 kb to 1143 kb, and Bradi5g01230.1, and 
AEGTA28084 on scaffold6859 was orthologous to Bradi5g01280.1 at 1186 kb. Scaffolds 
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79543 and 6859 were also mapped distal to Iw2. Therefore, the Iw2 region generally 
exhibited collinearity to Brachypodium chromosome 5. However, two paralogs on 
scaffold10812, AEGTA19771 and AEGTA19772, were orthologous to three paralogs, 
Bradi3g02290.1, Bradi3g02300.1, and Bradi3g02370.1 on Brachypodium chromosome 
3. Scaffold43829 possessed genes orthologous to Brachypodium genes on chromosome 
1 and 2. Thus, clear synteny was not conserved in the Iw2 chromosomal region between 
Ae. tauschii and Brachypodium.  
 
Iw2-linked marker genotypes in Ae. tauschii natural population  
For association analysis between Iw2-linked markers and glaucous variation of Ae. 
tauschii, 13 developed markers were genotyped in 210 accessions of Ae. tauschii (Figure 
II-5, Table II-6). Four SSR markers, S43829-13, S43829-12, S10812-1, and S82981-2, 
showed many polymorphisms among the accessions. WE6 exhibited three genotypes, 
KU-2154-type, the KU-2126-type, and one other type. Five CAPSs (C141566873, 
S43829-3, S10812-12, S10812-13, and Xctg202354), one HRM (Xctg216249), one indel 
(S10812-14), and one presence/absence marker (S51038-8) were grouped into the two 
parental types. S43829-3, one of the CAPS markers, was excluded from the association 
analysis since minor allele frequency was too low (< 0.05). Out of the 13 markers, four 
SSR markers, one HRM marker, one indel marker, one presence/absence marker, and two 
CAPS markers, S10812-12 and S10812-13, which were co-localized with Iw2 in the 
linkage map, were significantly (P < 1E-3) associated with glaucous phenotypic variation. 
Notably, at the SSR marker S10812-1, the KU-2126-type allele (glaucous) was restricted 
to 15 out of the 20 glaucous accessions, and not found in the 190 non-glaucous accessions. 
The remaining five glaucous accessions showed the third genotype. Out of the non-
glaucous accessions, 135 exhibited the KU-2154-type allele (non-glaucous), four had the 
third allele, and the other 51 showed various alleles. Out of the four non-glaucous 
accessions with the third genotype of S10812-1, KU-2104 and KU-2105 showed glaucous 
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phenotype in the synthetic hexaploid level, while KU-2074 and KU-2079 were still non-
glaucous even in the respective synthetic lines. These results indicated that allelic 
differences at the S10812-1 locus could explain almost precisely the glaucous variation 
in the Ae. tauschii natural population.  
The 17 landraces from Iran exhibited the KU-2126-type genotypes at five marker 
loci, C141566873, S10812-12, S10812-14, S10812-13, and Xctg202354, and the KU-
2154-type genotypes at three loci, S43829-3, Xctg216249, and S51038-8 (Table II-6). Out 
of the 17 landraces, 15 landraces had the KU-2126-type allele and two possessed other 
genotypes at S43829-12. For WE6 and four SSR markers, the landraces showed a variety 
of alleles different from those of Ae. tauschii.  
 
Mapping of other glaucous-determining loci besides Iw2 
Out of the 210 Ae. tauschii accessions, two accessions, KU-2104 and KU-2105, were 
non-glaucous even though they had the same genotype at the S-10812-1 as five glaucous 
accessions (Figure II-5, Table II-6); suggesting that the non-glaucous phenotype of these 
two accessions might be controlled by other loci, not Iw2. Out of the 82 synthetic 
hexaploids, only two lines, Ldn/KU-2104 and Ldn/KU-2105, were glaucous, while the 
other 80 lines and their parental Ae. tauschii accessions shared the same glaucous/non-
glaucous phenotypes; indicating that these two non-glaucous accessions might have some 
defects in gene(s) related to β-diketone biosynthesis, which might be recessive alleles at 
the W2 locus.  
To verify this hypothesis, an F2 mapping population between KU-2126 (glaucous) 
and KU-2105 (non-glaucous) was produced. The glaucous/non-glaucous difference was 
obvious on the spikes, peduncles, and sheaths (Figure II-1A and D). Of the 200 F2 
individuals, 145 were glaucous and 55 were non-glaucous, significantly fitting Mendelian 
segregation ratio of 3:1 (χ2 = 0.67, P = 0.41). This result suggested that the glaucous 
phenotype was governed by a single locus and that the dominant allele represented 
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glaucousness. The recessiveness of the non-glaucous allele from KU-2105 agreed with 
the glaucous phenotype of Ldn/KU-2105, indicating that KU-2105 possessed recessive 
iw2 allele and that KU-2105 had the causal gene for non-glaucousness besides Iw2.  
To check whether the non-glaucousness of KU-2105 was caused by recessive w2 
allele, a genetic map was generated in the F2 population of KU-2105/KU-2126. Seven 
linkage groups were constructed by 61 markers, with total map length of 837.5 cM and 
average inter-loci spacing of 13.7 cM (Figure II-6). However, the causal locus for the 
non-glaucous phenotype of KU-2105 was anchored to chromosome 3D, not to 2D, 
showing that neither W2 nor Iw2 on 2DS were not the causal loci. Since no genes 
controlling glaucousness have been reported on 3DL of Ae. tauschii so far, this novel 
glaucous locus was designated as W4.  
 
Discussion  
Natural variation of glaucousness in Ae. tauschii 
Two agronomically important events, tetraploid wheat domestication and common wheat 
speciation, both involved artificial selection of glaucousness (Tsunewaki 1966; 
Tsunewaki and Ebana 1999). Howeverm, it remains unclear whether glaucousness is 
more adaptive than non-glaucousness in wheat and its relatives. In Arabidopsis and rice, 
cuticlar wax saves non-stomatal water loss under drought conditions (Seo et al. 2011; Zhu 
and Xiong 2013), suggesting that glaucous phenotype is associated with drought 
tolerance. In common wheat, NILs with recessive iw alleles showed higher drought 
tolerance than NILs with dominant Iw allels (BC10F3 generation in S-615 background, 
Tsunewaki and Ebana 1999; Zhang et al. 2013). On the other hand, NIL with Iw1 
genotype (BC2F3 generation) had no significant advantage in water-use efficiency 
(Adamski et al. 2013). Moreover, in several common wheat cultivars, the drought 
treatment decreased the amount of β-diketone (Bi et al. 2017a).  
In the present study, natural variation of glaucous phenotype was evaluated in 210 
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Ae. tauschii accessions covering the entire species range, and 20 accessions, spanning 
from Transcaucasus to the southern coastal region of the Caspian Sea, showed 
glaucousness (Figure II-1, Table II-2). A previous study also collected 17 glaucous 
accessions from the same region (Kihara and Tanaka 1958). Thus, the present observation 
agreed with the previous one.  
TauL1 accessions ranged widely in the Ae. tauschii habitat, and all accessions except 
for one were non-glaucous. TauL2 accessions were distributed from the Transcaucasus to 
Middle East, which corresponds to the western part of the species habitat (Matsuoka et 
al. 2013). The only one glaucous TauL1 accession, IG127015, was sampled in Armenia, 
which was within the geographical distribution of glaucous TauL2 accessions (Figure II-
1H). IG127015 might gain a new recessive iw2 allele to become glaucous. However, this 
explanation does not carry much conviction since genotypes of the Iw2-linked markers 
of IG127015 were similar to those of the glaucous TauL2 accessions. A more reasonable 
scenario is that IG127015 obtained recessive iw2 allele through the introgression of the 
Iw2 chromosomal region from glaucous accessions of TauL2, which might happen in the 
habitat of IG127015 or during the propagating process in greenhouses.  
It is difficult to define whether the introgression of recessive iw2 allele from TauL2 
was the cause of the presence of the glaucous TauL1 accession. Previous reports using 
genome-wide marker systems, such as SNP array and DArT markers, distinguished 
TauL1 and TauL2 clearly (Wang et al. 2013; Matsuoka et al. 2013). These results indicate 
that the chance of crosses between TauL1 and TauL2 was quite rare, and that the two 
lineages are reproductively isolated and thus highly differentiated (Mizuno et al. 2010b; 
Wang et al. 2013). The glaucous TauL1 accession, however, could be an evidence for the 
occurrence of the inter-lineage hybridization. Since the Iw1 locus was identified recently 
(Huang et al. 2017), sequencing of the Iw2 locus in all the 20 glaucous accessions would 
provide some valuable insights on this question.  
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Causal loci for glaucous variation in Ae. tauschii natural population 
Previous studies show that the difference between glaucousness and non-glaucousness is 
determined by allelic difference at Iw2 locus; glaucous accessions have W2W2iw2iw2 
genotype, while non-glaucous accessions possess W2W2Iw2Iw2 genotype (Tsunewaki 
1966; Watanabe et al. 2005). Iw2-linked markers and glaucous phenotypic variation were 
significantly associated in the 210 Ae. tauschii accessions (Table II-6); indicating that Iw2 
was the main regulator of the glaucous/non-glaucous differences in Ae. tauschii (Figure 
II-2). The Iw2 locus in common wheat is tightly linked to the markers derived from 
Bradi5g0 1160 and Bradi5g01180 (Adamski et al. 2013; Wu et al. 2013), consistent with 
this study (Figure II-4). These results suggest that the glaucous phenotypes both in 
common wheat and Ae. tauschii are controlled by the same Iw2 locus. In addition, 17 
Iranian common wheat landraces had the KU-2126-type alleles (glaucous type) at the 
three biallelic markers, S10812-13, S10812-14, and S10812-12, which were co-localized 
with Iw2; indicating that the Iranian landraces possessed the recessive iw2iw2 genotype 
and thus were glaucous.  
In this study, Ae. tauschii scaffolds were aligned to the Iw2 chromosomal region 
based on the synteny between barley and wheat. The order of the developed markers and 
predicted genes on the scaffolds was generally conserved between the two species, and 
Brachypodium as well. There were a few inversions of scaffold order between Ae. tauschii 
and barley (Figure II-3), and some translocations of orthologs between Ae. tauschii and 
Brachypodium (Figure II-4). The observed collinearity between Ae. tauschii, barley, and 
Brachypodium in the syntenic chromosomal region around the Iw locus supported 
previous reports (Adamski et al. 2013; Wu et al. 2013).  
Most non-glaucous Ae. tauschii accessions had Iw2Iw2 genotype according to the 
linked markers (Table II-6). However, four accessions with non-glaucous phenotype, KU-
2074, KU-2079, KU-2104, and KU-2015, showed the same allele as five accessions with 
glaucous phenotype, KU-2074, KU-2079, KU-2104, and KU-2015, at the most closely 
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linked marker, S10812-1. These four accessions might exhibit glaucousness despite their 
iw2iw2 genotype. Actually, synthetic hexaploid wheat lines derived from the crosses 
between Ldn, which is glaucous with genotype W1W1iw1iw1 (Adamski et al. 2013), and 
two of the four non-glaucous accessions, KU-2104 and KU-2105, were glaucous (Table 
II-2). KU-2105 was demonstrated to have a novel causal locus for non-glaucousness 
outside of the Iw2 locus, define as W4 on chromosome 3DL (Figure II-6). On the other 
hand, Ldn/KU-2074 and Ldn/KU-2079, hybrids between Ldn and the other two of the 
four non-glaucous accessions, showed non-glaucous phenotype; suggesting that KU-
2074 and KU-2079 possessed the dominant Iw2 allele in spite of their genotype at 
S10812-1. All these results indicated that the glaucous variation in Ae. tauschii was 
mainly controlled by Iw2, and partly by W4.  
 
Implications of glaucous variation for common wheat speciation 
Early genetic and genomic analysis of common wheat and its ancestors presumed that 
common wheat was established through the cross between a cultivated emmer, which has 
glaucous W1W1iw1iw1 genotype, and Ae. tauschii, which has glaucous W2W2iw2iw2 
genotype, in highlands close to the southwestern costal region of Caspian Sea (Tsunewaki 
1966). In the present study, association analysis of the Iw2-linked markers and phenotypic 
evaluation of synthetic hexaploids suggested that the Iw2 locus was the main contributor 
to the glaucous vs non-glaucous variation in Ae. tauschii, and that almost all non-glaucous 
accessions have dominant Iw2Iw2 genotype. However, there existed non-glaucous 
accessions with iw2iw2 genotype, which meant that the Ae. tauschii accessions involved 
in common wheat speciation could be non-glaucous, not necessarily glaucous. The causal 
locus for non-glaucousness of these accessions was assigned to chromosome 3DL (Figure 
II-6), and thus not W2, indicating that all the 210 Ae. tauschii accessions had dominant 
W2 allele. On chromosome 3DL, no genes have been reported so far to be conferring 
glaucous difference in common wheat; suggesting that the recessive w4 allele, which was 
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derived from these non-glaucous Ae. tauschii accessions with iw2iw2 genotype, was not 
introduced to common wheat. Therefore, the D-genome donor of common wheat could 
have been glaucous Ae. tauschii accessions with W2W2iw2iw2W4W4 genotype.  
In common wheat, at least two non-glaucous cultivar habe been found to possess the 
recessive w2 allele; Chinese Spring with W1W1w2w2 genotype, and Salmon with 
w1w1w2w2 genotype (Tsunewaki 1966). In the present study, no Ae. tauschii accessions 
with recessive w2 alleles were identified, which suggested that the loss-of-function 
mutation in the W2 locus happened in common wheat, not brought through the speciation 
event. The dominant W2 allele might be advantageous to wild Ae. tauschii in natural 
environment. On the other hand, wild emmer wheat with the recessive w1 allele is often 
observed (Tsunewaki 1966; Hen-Avivi et al. 2016). A wild emmer wheat TTD140 does 
not have the β-diketone biosynthetic cluster in W1 and thus shows non-glaucous 
phenotype (Hen-Avivi et al. 2016). Sequence of the W2 locus in Ae. tauschii should also 
be checked in the next study.  
Previous studies on the polymorphism of isozyme and DNA marker came to the same 
conclusion that common wheat speciation have occurred in the region from Armenia to 
southwestern costal region of Caspian Sea (Wang et al. 2013; Nakai 1979; Nishikawa et 
al. 1980; Dvorak et al. 1998). The glaucous accessions of Ae. tauschii were distributed 
within this area (Figure II-1H). Numbers of studies postulated that the Ae. tauschii 
accessions of subspecies strangulata provided D genome to common wheat (Nishikawa 
1973; Nishikawa et al. 1980; Jaaska 1980; Nakai 1979; Lubbers et al. 1991; Lagudah et 
al. 1991; Dvorak et al.1998; Dvorak et al. 2012; Dudnikov 2017). Out of the 210 
accessions of Ae. tauschii used in this study, 12 accessions, which were collected in the 
southeastern coastal region of Caspian Sea, have been taxonomically classified as 
subspecies strangulata (Eig) Tzvel (Matsuoka et al. 2009; Takumi et al. 2009b). All these 
12 accessions, however, possessed dominant Iw2Iw2 genotype and exhibited non-
glaucoous phenotype (Figure II-1). Suppose glaucous Ae. tauschii accessions provided D 
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genome to common wheat, Ae. tauschii subspecies strangulata accessions in the 
southeastern costal area could not be the D-genome donor of common wheat.  
In conclusion, Genetic and phylogeographic analysis of glaucous variation in Ae. 
tauschii provided valuable insights into the origin of common wheat. Out of the 210 
accessions of Ae. tauschii, only 20 accessions showed glaucous phenotype, distributed 
from Armenia to the southern coastal Caspian region. Out of the 82 synthetic hexaploids, 
80 exhibited the same glaucous or non-glaucous phenotype as their Ae. tauschii parental 
accessions. The other two lines were glaucous though derived from non-glaucous Ae. 
tauschii accessions, KU-2104 and KU-2105, which were subsequently demonstrated to 
have another novel causal locus for non-glaucousness, W4 on the chromosome 3DL, and 
possess W2W2iw2iw2w4w4 genotype. Ae. tauschii accessions with either w2w2iw2iw2 
or w2w2Iw2Iw2 genotype were not found throughout the species range, indicating that 
the loss-of-function mutation of W2 in a few common wheat cultivars was occurred after 
common wheat establishment. Thus, glaucous Ae. tauschii accessions, which have 
W2W2iw2iw2W4W4 genotype and do not include subspecies strangulata, have been 
involved in the common wheat speciation. All 20 glaucous accessions except for one were 
TauL2, supporting the previous studies arguing that the D-genome donor of common 
wheat has been TauL2 accessions (Wang et al. 2013; Matsuoka et al. 2015).   
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Figure II-1. Glaucous phenotypic variation among Ae. tauschii accessions. (A, B) Non-
glaucous Ae. tauschii accessions, KU-2105 (subspecies tauschii) and KU-2075
(subspecies strangulata). (C, D) Glaucous Ae. tauschii accessions. (E) A tetraploid
wheat cultivar Langdon, which shows glaucous phenotype. (F) A non-glaucous
synthetic hexaploid wheat line derived from an interspecific cross between Langdon
and a non-glaucous accession of Ae. tauschii, KU-2078. (G) A glaucous synthetic
hexaploid wheat line derived from an interspecific cross between Langdon and a
glaucous accession of Ae. tauschii, KU-2156. (H) Geographical distribution of glaucous
and non-glaucous accessions of Ae. tauschii. The Ae. tauschii accessions were classified
into three genealogical lineages, TauL1, TauL2, and TauL3 (Matsuoka et al. 2013).
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Figure II-3. Comparison of the Iw2 linkage map with the physical maps of
barley and Ae. tauschii. The Ae. tauschii scaffolds (Jia et al 2013) were
assigned to regions of the barley physical map of chromosome 2H (IBSC 2012)
and Ae. tauschii physical map of 2D (Luo et al. 2013b). Scaffold positions (Mb)
and names are indicated on the left and right of each chromosome, respectively.
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Figure II-4. Collinearity of protein-encoding genes on the scaffolds around Iw2 to
orthologs on Brachypodium chromosomes. (A) Linkage map of the Iw2 chromosomal
region generated with 285 F2 individuals. Genetic distances (cM) are indicated on the left,
and markers on the right. (B) The positions of putative genes and mapped markers in the
Ae. tauschii scaffolds assigned to the Iw2 region. (C) The Iw2-orthologous regions on
Brachypodium chromosomes based on the blastx result of anchored Ae. tauschii genes.
Brachypodium genes are indicated on the right, and their position (kb) on the left.
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Figure II-5. PCR products of three Iw2-linked
markers in 23 Ae. tauschii accessions; from left to
right, KU-2154, KU-2126, the other 19 glaucous
accessions, KU-2104, and KU-2105. A digested
(lower) PCR fragment of S10812-13 and an
amplified PCR fragment of S51038-8 were
obtained only in KU-2154. At the S10812-1 locus,
the 23 accessions showed three alleles.
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Figure II-6. Linkage maps of KU-2015/KU-2126 mapping population of Ae. tauschii. 
W4, a novel locus for glaucous variation, was assigned to chromosome 3DL. 
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Table II-1. Primers developed in this chapter 
Maker name Primer sequences 
Marker 
type 
Restriction 
enzyme 
Annealing 
temp. (	) 
S51849-2 
CTCGTCGAAATCTGCCTCGA Presence/ 
absence 
– 58 
ATCGAGTCGGGAATCAGCAC 
S147694-1 
AGTATTGACAGTACAAGACCCGT 
SSR – 58 
CCCCCTTCAACTGACATAAGCA 
S30785-1 
AAAAGAAGAAAACCACGAAATAAACA 
SSR – 58 
ACCTGCAACTAGTGGCTTTT 
S4802-4 
CACTCATCACGGCAGTCACT 
SSR – 58 
ACAACAAGCAATGTGAGGCC 
S82684-2 
ACACCCACACCACACGTAT 
SNP AccI 58 
GACTTCGACCACGTCCAAGG 
S82684-3 
ACAATACCGGGAGTCCTCGC 
SNP HhaI 58 
TGCCCATGAATAGAGAAAGTTTGT 
S82684-1 
TCTTTCTTTGCGGGGACACT Presence/ 
absence 
– 58 
CAAGGTGATCCTGACTGGCC 
S6859-1 
AGTGTTCCTACTGTTCAATAGTGT 
SSR – 58 
AAGCTGGTTGTAGTGCACCT 
Xctg205969 
CCTTTCTTTGGCGACCAACC 
HRM – – 
AGCATCAACCAACTTCTGCA 
C141566873 
TGGAGCCCACAATAAAGAAAGC 
SNP NcoI 58 
ACAATTTGCATTTATGGCAGAGCT 
S43829-13 
ACCCAAGATAGAACCACCCG 
SSR – 58 
GAGCAGAGTACAGACAGCCG 
S43829-3 
GCGTGCAGGCAGAGTTTTTA 
SNP HhaI 58 
TTTTGGGTTGACCTGGCGAA 
S43829-12 
GCCAAGGAGCAAGGAAAAGC 
SSR – 58 
TGGGCTTGGGATATGCTCTC 
S51038-8 
TGGCAGTGAAACCTCCCAAA Presence/ 
absence 
– 54 
AAACATCACCACATTTCTCTAGTTTG 
S10812-12 
TCTATACCTTTGCATTGGCGA 
SNP HhaI 58 
CGCTACTGATAGGCCAAAAACC 
S10812-14 
ATTTCGAGCATCTCTAGCTTCA 
indel – 58 
GTTGCTGTCTTTGACGGTCC 
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Table II-1. (Continued) 
Maker name Primer sequences Type 
Restriction 
enzyme 
Annealing 
temp. (	) 
S10812-1 
TACAACCTTGGGCCAGTCAC 
SSR – 58 
CGTCGTCTTCCCTACAAATCG 
S10812-13 
CTCTTCAAGCCCCGATCCG 
SNP HhaI 58 
ACGGAGAAGTGTTATCCAGTCC 
S82981-2 
TGTACACGTCACTTCAACGC 
SSR – 58 
AGTCAGCGATCACGTATGCA 
Xctg202354 
CATTGCCTTGTCCTTGAGGT 
SNP HaeIII 58 
AAGAATTGTCGGTTGGCTGT 
C141468230 
ACAAGTGCACAATTTACCAGCA 
HRM – – 
CCACCAGGTCTTCTCTGCAC 
S9655-2 
TCAACATTGCCATCCATGCG 
SNP KpnI 58 
TGGTGTGTGATCTGGGCAAA 
S13577-15 
GGTGGAGAGGTTACAGCACC 
SNP EcoT22I 58 
TGTGTGTGTCAGCATTACGGA 
S33766-3 
CTCGCGGTCTAGGGTTGGC 
SNP HaeIII 58 
GCGCACCCCGAAACAATTTA 
Xctg03301 
GCCATATTGGTCGAAATTTCGGT 
SNP HhaI 58 
GTACCCCTGCACATCCAGAT 
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Table II-2. List of 20 Ae. tauschii accessions exhibiting glaucous phenotype 
Accession number Collected country Sublineageb 
KU-2811 Armenia TauL2a 
IG127015 Armenia TauL1b 
AE1037 Georgia TauL2a 
KU-2827a Georgia - 
KU-2069 Iran TauL2b 
KU-20-7 Iran TauL2a 
KU-20-8 Iran TauL2a 
KU-2086 Iran TauL2a 
KU-2106 Iran TauL2b 
KU-2111 Iran TauL2a 
KU-2112 Iran TauL2a 
KU-2118 Iran TauL2a 
KU-2124 Iran TauL2a 
KU-2126 Iran TauL2a 
KU-2155 Iran TauL2a 
KU-2156 Iran TauL2a 
KU-2158c Iran - 
KU-2159 Iran TauL2b 
KU-2160c Iran - 
PI486267 Turkey TauL2a 
aGlaucousness was not necessarily observed in all growth seasons. 
bMatsuoka et al. (2013) 
cvariety meyeri 
 
 
Table II-3. List of 15 cross combinations exhibiting glaucous phenotype out of the 82 
synthetic hexaploid wheat lines 
Ldn/KU-2069, Ldn/KU-2104*, Ldn/KU-2105*, Ldn/KU-2106, Ldn/KU-2126, 
Ldn/KU-2155, Ldn/KU-2156, Ldn/KU-2158, Ldn/KU-2811, Ldn/KU-2124, 
Ldn/KU-20-8, Ldn/KU-2111, Ldn/KU-2159, Ldn/KU-2160, Ldn/KU-2118 
Glaucousness in underlined synthetics was confirmed in two lines produced 
independently. 
*The parental Ae. tauschii accessions were non-glaucous. 
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Table II-4. Segregation of glaucous phenotype in the five F2 mapping populations 
F2 population N 
non-
glaucous  
glaucous  
c2 
value* 
P value 
KU-2003/KU-2124 116 89 27 0.184 0.668 
KU-2154/KU-2126 116 78 38 3.724 0.054 
Ldn/KU-2159//Ldn/IG126387 100 71 29 0.853 0.356 
Ldn/KU-2124//Ldn/IG47259 82 65 17 0.797 0.372 
Ldn/PI476874//Ldn/KU-2069 106 77 29 0.314 0.575 
*Expected segregation ratio was 3:1.  
 
 
Table II-5. Collinearity of syntenic region around Iw2 between Ae. tauschii and Brachypodium  
Ae. tauschii gene Brachypodium gene Annotation 
AEGTA20795 Bradi1g15030.1 cytochrome p450 85a1 
AEGTA20794 Bradi1g15030.1 cytochrome p450 85a1 
AEGTA25164 Bradi1g15030.1 cytochrome p450 85a1 
AEGTA22963 Bradi1g15030.1 cytochrome p450 85a1 
AEGTA20793 Bradi1g15030.1 cytochrome p450 85a1 
AEGTA20792  f-box domain containing protein 
AEGTA04539  hypothetical protein F775_04539 
AEGTA09742 Bradi1g15010.1 probable fructokinase-1-like 
AEGTA20791 Bradi2g39120.1 hypothetical protein F775_20791 
 Bradi2g39100.1  
AEGTA32301 Bradi3g18920.1 hypothetical protein F775_32301 
AEGTA20790  cytochrome p450 
AEGTA20789  cytochrome p450 monooxygenase cyp71d70 
AEGTA20788  cytochrome p450 
AEGTA09741 Bradi2g27777.1 cytochrome p450 71c4 
AEGTA09740 Bradi5g01360.1 sulfotransferase 16-like 
 Bradi4g37480.1  
 Bradi3g03460.1  
AEGTA32300 Bradi2g10230.2 deleted in split hand split foot protein 1 
 Bradi2g10230.1  
AEGTA24906 Bradi5g01180.1 brown planthopper-induced resistance protein 1 
AEGTA19771 Bradi3g02290.1 laccase-15-like 
 Bradi3g02300.1  
 Bradi3g02370.1  
 Bradi4g11840.1  
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Table II-5. (Continued) 
AEGTA19772 Bradi4g36820.1 agmatine coumaroyltransferase-2-like 
 Bradi3g02310.1  
 Bradi4g36850.1  
AEGTA43098  protein da1-related 1-like 
AEGTA33234 Bradi5g01167.1 disease resistance protein rpm1 
AEGTA19773  l-type lectin-domain containing receptor kinase -like 
AEGTA09277  cytochrome p450 84a1 
AEGTA17544 Bradi5g01167.1 disease resistance protein rpm1 
AEGTA08264 Bradi5g01160.1 protein da1-related 1-like 
AEGTA03281  cell number regulator 2-like 
AEGTA17543 Bradi1g30630.1 cell number regulator 2-like 
 Bradi3g46930.1  
 Bradi5g12460.1  
AEGTA17542 Bradi1g33650.1 serine threonine-protein kinase receptor 
 Bradi1g05890.1  
 Bradi1g75950.1  
 Bradi3g41060.1  
AEGTA17439 Bradi5g01135.1 probable pectate lyase 15-like 
AEGTA17438 Bradi5g01110.1 disease resistance rpp13-like protein 1-like 
 Bradi5g01080.1  
AEGTA17437 Bradi5g01070.1 disease resistance rpp13-like protein 1-like 
 Bradi5g01080.1  
 Bradi5g01110.1  
AEGTA17436 Bradi5g01080.1 disease resistance rpp13-like protein 1-like 
 Bradi5g01110.1  
AEGTA17435 Bradi5g01110.1 disease resistance rpp13-like protein 1-like 
 Bradi5g01070.1  
 Bradi5g01080.1  
AEGTA17434 Bradi5g01080.1 disease resistance rpp13-like protein 1-like 
 Bradi5g01110.1  
AEGTA23449  hypothetical protein F775_23449 
AEGTA03244  hypothetical protein F775_03244 
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Table II-6. Association between Iw2-linked marker and glaucous variation in 210 Ae. tauschii accessions and the marker genotypes among Iranian wheat landraces 
Marker name 
Marker 
type 
Number of 
accessions 
Glaucous (N = 20)  Non-glaucous (N = 190) P-value for F-test in 
the association 
analysis** 
Iranian wheat landraces 
(N = 17) 
KU-2154 
-type 
KU-2126 
-type 
Others  
KU-2154 
-type 
KU-2126 
-type 
Others 
C141566873 CAPS 210 0 20 0  91 99 0 0.403 KU-2126-type 
S43829-13 SSR 210 4 5 12  65 22 102 8.20E-05 Other types 
S43829-3 CAPS 206 17 2 0  184 3 0 - KU-2154-type 
S43829-12 SSR 207 0 6 14  136 37 14 1.55E-07 
KU-2126-type 
(15)/Others (2) 
Xctg216249 HRM 210 9 11 0  177 13 0 1.52E-04 KU-2154-type 
S51038-8 dominant 210 0 20 0  170 20 0 8.18E-10 KU-2154-type 
S10812-12 CAPS 210 18 2 0  170 20 0 1.55E-05 KU-2126-type 
S10812-14 indel 197 0 20 0  145 32 0 8.66E-11 KU-2126-type 
S10812-1 SSR 210 0 15 5*  135 0 55 (4) 3.26E-24 Other types 
S10812-13 CAPS 206 0 20 0  180 16 0 9.92E-16 KU-2126-type 
S82981-2 SSR 210 0 15 5*  136 0 54 (5) 1.95E-22 Other types 
WE6 SSR 210 0 14 6*  59 56 75 (75) 0.169 Other types 
Xctg202354 CAPS 210 0 20 0  113 77 0 0.041 KU-2126-type 
The numbers of accessions for each genotype are represented in glaucous and non-glaucous phenotypes.  
The numbers of non-glaucous accessions showing the genotype corresponding to the other one in the glaucous-type accessions are indicated in parenthesis.  
*These accessions showed the same genotype different from KU-2154 and KU-2126.  
**The values were calculated based on a mixed linear model in the TASSEL ver. 4.0 software.  
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Chapter III  
Quantitative trait locus analysis for spikelet morphological traits in wild wheat 
diploid Aegilops tauschii: insights into intraspecific diversification and 
subspecies/variety differentiation  
 
This chapter is mainly based on these publications:  
Nishijima R, Okamoto Y, Hatano H, Takumi S (2017) Quantitative trait locus analysis for 
spikelet shape-related traits in wild wheat progenitor Aegilops tauschii: implications 
for intraspecific diversification and subspecies differentiation. PLoS ONE 
12:e0173210. doi: 10.1371/journal.pone.0173210  
Nishijima R, Ikeda TM, Takumi S (2018) Genetic mapping reveals a dominant awn-
inhibiting gene related to differentiation of the variety anathera in the wild diploid 
wheat Aegilops tauschii. Genetica 146:7584. doi: 10.1007/s10709-017-9998-2  
  
 
Abstract  
Ae. tauschii, a wild wheat progenitor, possesses wide natural variation in morphological traits 
of spikelet, grain, and awn. Two subspecies of Ae. tauschii, subspecies tauschii and strangulata, 
have been conventionally distinguished according to difference in spikelet shape, and variety 
anathera in subspecies tauschii is characterized by the awnless lemma. Phenotypic evaluation 
for six spikelet-, four grain-, and two awn length-related traits revealed that the accessions of 
TauL1 lineage had significantly longer spikes, higher spikelet density, and shorter and narrower 
spikelet compared to the TauL2 accessions, and that the accessions with no or short awns were 
accumulated in sublineage TauL1b. QTL analysis for spikelet and grain morphological traits in 
three F2 mapping populations derived from interlineage crosses detected major QTL regions on 
chromosomes 3D, 4D, and 7D. The QTLs on 3D and 4D were found in all the three mapping 
populations, suggesting that these QTLs on 3D and 4D are related to the lineage divergence. 
The QTLs on 7D were detected only in the mapping population between the two subspecies, 
indicating that these QTLs on 7D contribute to subspecies differentiation. On the other hand, 
QTL analysis for awn length variation in the intervariety mapping population found only one 
major QTL on chromosome 5D. In this population, the F2 individuals were divided into two 
groups according to the awn length at the center of spike. The segregating ratio of short and 
long awn groups significantly fitted 3:1, suggesting that the awn length variation is controlled 
by a single gene. The locus for awnlessness, designated here as Antr, was mapped to the same 
chromosomal region where the QTL was detected. These results indicate that the awnless 
phenotype of variety anathera is regulated by a single dominant allele of Antr, a novel locus 
conferring suppression of awn elongation in wheat and Aegilops. Taken together, phenotypic 
evaluation and QTL analysis for spike morphological traits lead to our better understanding of 
the intraspecific differentiation history.  
 
Keywords: spikelet and grain shapes, awn inhibitor, intraspecific differentiation, natural 
variation   
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Introduction  
Ae. tauschii population have been conventionally grouped into two subspecies based on 
spikelet morphology, subspecies tauschii and subspecies strangulata (Eig 1929; Hammer 
1980), though intermediate spikelet forms between the model forms of the two subspecies 
are often observed (Dudnikov 1998). Several reports argued that it is difficult to tell the 
two subspecies apart, and that gene flow frequently occurred between the subspecies 
(Dvorak et al. 1998; Dudnikov and Kawahara 2006; Saeidi et al. 2006). Some other 
reports, however, clearly distinguished the subspecies with sensu-stricto classification 
criteria for subspecies strangulata (Matsuoka et al. 2009; Takumi et al. 2009b), referring 
to the traditional observations (Eig 1929; Hammer 1980). According to the criteria, 
subspecies strangulata accessions have quadrate spikelets, whereas subspecies tauschii 
has cylindrical spikelets. In addition, longitudinal and latitudinal geographical clines were 
observed for the natural variation of spikelet-related traits in Ae. tauschii population; 
spikelet tends to be large in western and northern areas (Matsuoka et al. 2009; Takumi et 
al. 2009b). These findings indicate that the spikelet shape is associated with intraspecific 
diversification as well as subspecies differentiation in Ae. tauschii. But the genetic 
mechanisms for spikelet morphological divergence are yet to be investigated.  
Spikelet shape of wheat affects grain size and shape, which have been under the 
artificial selection during domestication and breeding processes (Breseghello and Sorrells 
2006; Gegas et al. 2010). Some genes controlling spikelet shape also have pleiotropic 
effect on grain shape (Okamoto et al. 2012; Okamoto and Takumi 2013). Therefore, 
genetic dissection of spikelet shape of wheat is not only important for our better 
understanding of diversification of wheat and its relatives, but also has economic impact 
on wheat breeding and industry.  
Subspecies tauschii is further divided into three varieties, tauschii, meyeri, and 
anathera. Variety meyeri has rosette-type structure, short spike, and comparatively fewer 
spikelets, while variety anathera is just characterized by its awnless phenotype. Also in 
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other wild wheat relatives, awnless phenotype is an important diagnostic character for the 
classification subspecies and variety (Eig 1929). However, any genes related to awn 
inhibition have been reported in Aegilops genus. In a previous study on 27 morphological 
traits in Ae. tauschii natural population, awn length was independent of other traits which 
showed geographical clines; indicating that a few genes with major effects might control 
the awn length variation in Ae. tauschii (Takumi et al. 2009b). In common wheat, three 
non-homoeoallelic loci, Hooded (Hd) on chromosome 4AS, Tipped1 (B1) on 5AL, and 
Tipped2 (B2) on 6BL, are well known to be involved in awn inhibition (Sears 1954; Li et 
al. 2015; Yoshioka et al. 2017). Dominant alleles of Hd, B1 and B2 confer awnless or 
short awn phenotype, while recessive alleles of awn length-related genes inhibit awn 
elongation in rice and barley, such as An-1 (Luo et al. 2013a), DROOPING LEAF (DL) 
and OsETTIN (OsETT, Toriba and Hirano 2014), LONG AND BARBED AWN1 (LABA1, 
Hua et al. 2015), and REGULATOR OF AWN ELONGATION 2 (RAE2, Bessho-Uehara 
et al. 2016) in rice, and Lks2 in barley, which encodes the SHORT INTERNODE (SHI) 
family transcription factor (Yuo et al. 2012).  
The objectives of this study are (1) to elucidate natural variation of spikelet, grain, 
and awn morphology within and between the lineages and (2) to identify the genetic loci 
related to spikelet shape diversification between the lineages and between the two 
subspecies of Ae. tauschii, and to awn inhibition in variety anathera. For this purpose, 
QTL analyses was performed for spikelet and grain shape-related traits and for awn length 
using F2 mapping populations of Ae. tauschii.  
 
Materials and methods  
Plant materials 
For the evaluation of spikelet shape-related traits, three mapping populations were 
generated. The first population (KU-2078/PI499262) contained 95 F2 individuals and was 
grown in the 2012–2013 season. The second population (KU-2003/KU-2124, the same 
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population used in Chapter II), with 116 F2 individuals, was grown in the 2011–2012 
season. Seeds of the last F2 population (PI476874/IG47182) were sown in November 
2008, with a population size of 104 (Iehisa et al. 2012). All the three populations were 
derived from the crosses between TauL1 and TauL2; KU-2003, PI476874, and PI499262 
are TauL1 accessions, and KU-2124, IG47182, and KU-2078 are TauL2 (Figure III-1). 
Of the six parental accessions, only KU-2078 belongs to subspecies strangulata, whereas 
the others to subspecies tauschii. Thus, the parental cross-combinations of the first 
population (KU-2078/PI499262) was intersubspecies pairing between subspecies 
strangulata and subspecies tauschii, while the second and third populations (KU-
2003/KU-2124 and PI476874/IG47182) resulted from intrasubspecies crosses of 
subspecies tauschii.  
For awn length evaluation, the second population was used. KU-2003 is a var. 
anathera accession, which shows awnless phenotype, and KU-2124 is a var. tauschii 
accession with awned phenotype. Seed of all these accessions were supplied by the 
National BioResource Project (NBRP) KOMUGI (http:// 
shigen.nig.ac.jp/wheat/komugi/). 
 
Phenotype evaluation 
Phenotypic data on spikelet and grain morphological traits of 199 Ae. tauschii accessions, 
and on awn length of 206 accessions, were provided from previous reports (Matsuoka et 
al. 2009; Takumi et al. 2009b). In the comparison of these traits between the lineages and 
among the sublineages, data points on the TauL3 accessions and admixtures in TauL1 and 
TauL2 were excluded as their numbers were too small. Out of the 199 accessions, 39 
accessions were randomly selected and grown under field conditions at Kobe University 
in the 2009–2010 season, and four grain shape-related traits, grain length (GL), grain 
width (GW), grain height (GH), and length-to-width ratio of the grain (LWr), of more 
than 20 grains per accession were measured.  
 
In the first (KU-2078/PI499262) and the second (KU-2003/KU-2124) populations, 
eight spikelet-related parameters, spike length (SL), number of spikelets per spike (NSp), 
number of immature spikelets per spike (NISp), spikelet density (SpD), spikelet length 
(SpL), spikelet width (SpW), empty glume length (EGL), empty glume width (EGW), 
and four grain shape traits, GL, GW, GH, and LWr, were measured. In the last population, 
PI476874/IG47182, six spikelet traits, SL, NSp, SpD, SpL, EGL, and EGW, were 
evaluated. Awn lengths at the top of spikes (TopAL) and the middle (MidAL) were 
measured in the second population.  
The three earliest-headed tillers for each F2 individual were used for the trait 
measurement, and the averages and standard deviations for each individual were 
calculated. The morphological data of spikelet, grain, and awn in the 199 accessions and 
in the F2 mapping populations were statistically analyzed using Welch’s t-test, Steel-
Dwass test, and PCA in R software ver. 3.3.1 (R Core Team 2016) on RStudio ver. 
0.99.902 (RStudio team 2015), and visualized using R package ‘ggplot2’ (Wickham 
2009) for PCA ploting.  
The basal part of the lemma was observed in KU-2003, KU-2124, and some of the derived 
F2 individuals using an S-3400N scanning electron microscope (Hitachi High-Technology, 
Tokyo, Japan) without any pretreatment, as in the previous report (Okamoto et al. 2012). 
Scanning electron microscopy (SEM) was conducted at an accelerating voltage of 8.00 
kV under low vacuum conditions of 70 Pa at −25 °C.  
 
Genetic map construction, QTL analysis, and association analysis  
SSR marker genotyping and linkage map construction were performed as described in 
Chapter II. Additional marker information was provided from previous reports; the four 
‘kupg’ markers on chromosome 7D (Nakano et al. 2015; Hirao et al. 2016), the ‘TNAC’, 
the six PCR-based landmark unique gene (PLUG) markers on chromosomes 3D and 7D 
(Ishikawa et al. 2007), and the 16 ‘ctg’ SNP markers (Iehisa et al. 2012). PCR products 
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of Bd50050m, a CAPS marker on chromosome 7D, were amplified with the primers of 
5’-CTGCTGCGCCATTCTATTC-3’ and 5’-TAGAATGCAAGGGTGGCAAT-3’, and 
then digested by HhaI, the 4-bp cutting restriction enzyme. Lr34, the leaf rust-resistance 
locus on 7DS (Krattinger et al. 2009), was mapped using the primer set of 5’- 
TGCGGCGATTCTATACTACT-3’ and 5’-CCGACATCAAGAACCTCC-3’ and the 4-bp 
cutting enzyme TaqI. The presence/absence difference of hairs on the flag leaf was 
observed between KU-2078 and PI499262, the parental accessions of the first mapping 
population, and the causal gene, designated here as hfl, was used as a genetic marker on 
chromosome 3D.  
QTL analyses were performed by composite interval mapping with the forward and 
backward method in Windows QTL Cartographer version 2.5 software (Wang et al. 2012). 
A LOD score threshold for each trait was calculated by 1000 permutation tests. The 
percentage of phenotypic variation explained by a QTL and any additive effects were also 
computed.  
For awn length variation, the subsequent investigations were performed as described 
in Chapter II; molecular marker development, which utilized RNA-seq derived SNP 
information (Iehisa et al. 2012, 2014) and the genome sequences and physical maps of 
Ae. tauschii and barley (Jia et al. 2013; Luo et al. 2013b; IBSC 2012), and association 
analysis between the developed markers and the awn length in the 206 accessions of Ae. 
tauschii.  
 
Results  
Intraspecific variation in morphological traits of spikelet, grain, and awn  
Ae. tauschii natural population possesses a large variation for the six spikelet 
morphological traits, which have diverged largely between subspecies tauschii and 
strangulata (Matsuoka et al. 2009; Takumi et al. 2009b). Such divergence between the 
subspecies has been observed in floral organ and culm forms as well (Takumi et al. 2009b). 
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The natural variation for the six traits targeted in this study, SL, NSp, SpD, SpL, EGL, 
and EGW, was re-evaluated based on lineage and sublineage. Welch’s t-test detected 
significant differences (P < 0.001) between TauL1 and TauL2 for five traits, SL, NSp, 
SpD, SpL, and EGW, but not for EGL (Figure III-2). Significant differences (Steel-Dwass 
test, P < 0.05) were also observed in multiple comparisons among the four sublineages, 
TauL1a, TauL1b, TauL2a, and TauL2b, in the six traits, even within the same lineages. 
The SpL value showed significant difference between all four sublineages. No significant 
difference was detected in EGL between the two lineages, but the sublineages TauL1b 
and TauL2a were significantly higher than TauL1a for EGL. There were significant 
differences between TauL1 sublineages for EGW and between TauL2 sublineages for SL 
and NSp. The SpD value did not differ significantly between the two sublineages in each 
lineage.  
PCA was performed using the correlation matrix among the Ae. tauschii accessions 
to clarify the relationship between spikelet morphological traits and the sublineages. The 
first principal component (PC1) showed high eigenvector values for NSp, SpD, SpL and 
EGW, and contributed to 50.3% of the total variance (Table III-1). PC2 explaining 28.0% 
of the total variance was mainly derived from eigenvectors of SL, NSp and EGL. PC3 
exprlained 10% of the variance, and had major effects on SpD and EGW. TauL1 
accessions tended to have larger PC1 value than TauL2 accessions (Figure III-3A), 
suggesting that TauL1 generally had longer spike, more spikelets per spike, and smaller 
spikelet than TauL2, consistent with the previous report (Matsuoka et al. 2015). The 
TauL2 accessions showed wider distribution in the PC2 axis than the TauL1 accessions. 
There was no clear differentiation between TauL1a and TauL1b, the two sublineages of 
TauL1, whereas TauL2a and TauL2b showed slight diversification. Although no 
differentiation was observed between the two subspecies in the PC1-PC2 graph (Figure 
III-3A), the group of subspecies strangulata accessions was distinguished from the 
accessions of subspecies tauschii in the PC1-PC3 graph (Figure III-3B). Taken together, 
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these spikelet morphological traits were closely associated with sublineage divergence 
and subspecies differentiation of Ae. tauschii.  
Four traits related to grain shape, GL, GW, GH and LWr, showed large variation in 
the randomly selected 39 Ae. tauschii accessions. Welch’s t-test detected significant 
differences between the two lineages for GW and GH (P < 0.001), and for LWr (P < 0.01) 
(Table III-2). TauL1 generally had smaller grain and larger LWr that TauL2. The four 
traits showed similar values between the two sublineages within each lineage (Figure III-
4). Between the two subspecies, significant differences (Welch’s t-test, P < 0.001) were 
detected for three of the four traits, GL, GW, and LWr (Table III-2). The accessions of 
subspecies strangulata had shorter and wider grains than those of subspecies tauschii. 
The LWr value of subspecies strangulata was lower than that of subspecies tauschii, 
showing that subspecies strangulata had more spherical grains than subspecies tauschii.  
PCA was conducted for the grain morphological traits of 37 accessions of TauL1 and 
TauL2, PC1 and PC2 contributed 56.5 and 39.6% of the total variance, respectively (Table 
III-3). In a graph of PC1 and PC2 axes, three groups (TauL1, subspecies tauschii in TauL2, 
and subspecies strangulata in TauL2) were distinguished (Figure III-3C). TauL1 
generally had lower PC1 values, less than −0.5, and the subspecies strangulata and 
tauschii accessions in TauL2 tended to have minus and plus PC2 values, respectively. 
These results suggested that grain shape-related traits, as well as spikelet shape-related 
traits, had a close relationship with intraspecific diversification of Ae. tauschii.  
The awn length variation was evaluated with two parameters, TopAL amd MidAL. 
Welch’s t-test found a significant difference (P < 0.001) for TopAL between the two 
lineages, whereas not among the four sublineages (Figure III-5A). On the other hand, 
significant differences were observed for MidAL between TauL1 and TauL2 (Welch’s t-
test, P < 0.001) and among the sublineages (Steel–Dwass test, P < 0.01). There were two 
groups within the sublineage TauL1b for MidAL (Figure III-5B).  
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Phenotypic evaluation in the mapping populations  
In the first and the second populations, 12 spikelet and grain morphological traits were 
evaluated, and, in the third population, six spikelet-related traits were measured. In each 
population, these trait values had wide and continuous distributions and transgressive 
individuals (Table III-4), indicating that the observed phenotypic variations were 
controlled by several genetic loci. In all the three populations, parental TauL2 accessions 
had lower values for SL, NSp, SpD, GL, and LWr and higher values for NISp, SpL, SpW, 
EGL, GW, and GH than parental TauL1 accessions.  
SL was positively correlated with SpL, SpW, EGL, and EGW in the first F2 
population, KU-2078/PI499262, more highly than in the other two populations (Table III-
5). SpD showed negative correlation coefficients with SL, SpL, SpW, EGL, and EGW in 
the first F2 population, whereas it had positive correlation coefficient with NSp in the 
other populations. These results suggested that longer spikes and larger spikelets 
contributed to low spikelet density in the first population, while the number of spikelets 
per spike reduced spikelet density in the others. There were positive correlations between 
SpL, SpW, EGL, EGW, GL, and GW in all the three populations. In the first population, 
however, these six trait values had strong or moderate positive correlations with GH 
additionally, which might be the effect of KU-2078, the parental accession of subspecies 
strangulata with quadrate spikelets and spherical grains. LWr showed negative 
correlation coefficients with SpW, EGW, and GW both in the first and the second 
populations, and positive correlation coefficients with GL in the second population.  
For the spikelet in the middle of spike, KU-2003 (var. anathera), one of the parental 
accessions of the second population, showed shorter awn than KU-2124 (var. tauschii), 
the other parental accession (Figure III-6A). In the SEM images of the distal region of 
the lemma, lines of prickles and stomata were observed along the dorsal side of the awn 
(Figure III-6B–D). Stomata could be observed even on the suppressed awn at the middle 
of spike in F2 individuals (Figure III-6E and F). At the middle spike of KU-2003, the sign 
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of the awn development initiation could be observed. TopAL and MidAL values were 
smaller in KU-2003 than in KU-2124 (Table III-6), and the difference was much larger 
for MidAL. This result suggested that awn inhibition of variety anathera is more 
significant at the middle of spike than at the top, and that MidAL could be the indicator 
of awnless phenotype.  
TopAL and MidAL showed wide distribution in the KU-2003/KU-2124 F2 
individuals. In a scatter plot of TopAL and MidAL, the 116 F2 individuals were grouped 
into two groups mainly based on MidAL; 83 individuals of short awns and 33 of long 
awns (Figure III-7A). The segregating ratio significantly fitted 3:1 (χ2 = 0.74, P = 0.39), 
showing that a single locus controlled the phenotypic difference, and that the dominant 
allele conferred suppression of awn elongation. This locus was designated here as Antr. 
TopAL and MidAL were highly correlated (R2 = 0.497).  
 
QTL analysis of the morphological traits 
In the first population (KU-2078/PI499262), 160 markers were assigned to seven linkage 
groups, with total map length of 1250.7 cM and an average inter-loci interval of 7.85 cM. 
In the second population, KU-2003/KU-2124, 110 markers formed eight linkage groups, 
two of which from chromosome 7D, and the total map length was 1455.5 cM with an 
average spacing of 13.2 cM between markers. Antr was located on the distal region on 
the short arm of chromosome 5D, which was composed of 17 SSR markers with the map 
length of 227.8 cM and an average inter-loci interval of 12.66 cM. The third population, 
PI476874/ IG47182, contained 158 markers and seven linkage groups, with total map 
length of 1513.0 cM and an average interval of 9.56 cM between markers.  
QTL analysis was performed for the spikelet and grain morphological traits in the 
three F2 mapping populations with each linkage map. In the first population (KU-
2078/PI499262), 41 QTLs for the twelve examined traits were detected on the seven 
chromosomes (Table III-7). QTLs for eight traits overlapped around the centromere of 
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chromosome 3D, and QTLs for four traits were found on chromosome 4D (Figure III-8). 
In addition, QTLs for seven traits were assigned to the short arm of chromosome 7D 
(Figure III-9). For these traits except for GH, 36 QTLs were found on the seven 
chromosomes in the second population KU-2003/KU-2124 (Table III-8). QTLs for three 
traits overlapped on chromosome 3D, and QTLs for eight traits were detected on the 
similar region of chromosome 4D (Figure III-8). In the third population, 
PI476874/IG47182, eight QTLs for four traits were detected on four chromosomes (Table 
III-8), and three QTLs each were piled to chromosomes 3D and 4D (Figure III-8).  
Notably, many QTLs for the morphological traits were assigned to the same 
chromosomal regions of 3D and 4D commonly in the three mapping populations (Figure 
III-8). On the other hand, the QTL concentration on chromosome 7D was observed only 
in the first population (Figure III-9). Some QTLs were assigned to the other four 
chromosomes, but their locations were different to each other and showed no overlaps. 
Although QTLs for SpL were detected on chromosome 5D in all the three mapping 
populations, their chromosomal position were separated.  
QTL analysis was also conducted for awn lengths in the second population (KU-
2003/KU-2124), and detected one significant peak each for TopAL and MidAL at the 
same location as Antr on chromosome 5D (Figure III-10A). These QTLs for TopAL and 
MidAL showed LOD scores of 17.47 and 50.57, and explained 43.8% and 82.8% of the 
total variation in the mapping population, respectively.  
 
Genotypic effects of the detected QTLs on the morphological traits 
The genotypic groups of the F2 individuals at the identified QTLs were inferred from the 
adjacent marker genotypes, and the genotypic effects were evaluated for each QTL. At 
the 31 QTL regions, F2 individuals homozygous for TauL1 and TauL2 alleles showed 
significant differences (Tukey-Kramer HSD test, P < 0.05, Figures III-10B, 11 and 12). 
This result coincided with additive effects at the 31 QTLs, 29 of which were consistent 
 
with the parental differences (Table III-7 and 8). The three genotypic groups of 
individuals did not show significant differences at five QTLs; the 3D QTL for NSp and 
the 4D QTLs for SpD and GW in KU-2078/PI499262, the 4D QTL for LWr in KU-
2003/KU-2124, and the 4D QTL for NSp in PI476874/IG47182. F2 individuals 
homozygous for TauL1 allele had lower value than those heterozygous significantly at 
the QTLs for GL, the 7D QTL in KU-2078/PI499262 and the 4D QTL in KU-2003/KU-
2124.  
To infer the genotypes of the F2 individuals at the 5D QTLs, the genotyping data on 
the Antr–Xcfd18 interval was used. Heterozygous individuals were omitted because Antr 
was the dominant phenotypic marker. The F2 individuals homozygous for KU-2003 
alleles had significantly lower TopAL and MidAL values than those homozygous for KU-
2124 (Welch’s t-test, P < 0.001, Figure 10B). The Antr dominant allele showed more 
striking effect on MidAL than on TopAL.  
The spikelet shape of the parental accessions of the first population were quite 
different; KU-2078, the accession of subspecies strangulata, had much wider spikelet 
than PI499262, the subspecies tauschii accession (Figure III-13). Four F2 individuals 
were selected from the KU-2078/PI499262 population according to the genotypes at the 
3D and 7D QTLs (Figure 13B). An F2 individual #27, homozygous for KU-2078 alleles 
at both QTLs, had the widest spikelet of the four F2 individuals. On the other hand, the 
spikelets of an F2 individual #85 with homozygous alleles of PI499262 at both QTLs were 
narrower than those of the other three F2 individuals.  
 
Fine mapping of the Antr chromosomal region 
To develop molecular markers more closely linked to Antr in the second population (KU-
2003/KU-2124), SNP dataset derived from the RNA-seq analyses was used (Iehisa et al. 
2012, 2014). Seven Xctg markers were successfully assigned to the the Antr region, and 
four of them were within 7.6 cM interval holding Antr (Figure III-14). Seven cDNAs each 
 	
possessing these Xctg markers were blastn searched against barley physical map (IBSC 
2012), and barley chromosomal segment from 0.47 Mb to 3.12 Mb was defined as the 
target region. Ae. tauschii scaffolds (Jia et al. 2013) assigned to this target region were 
selected as candidates for marker development. Survey sequence of common wheat 
(IWGSC 2014) which anchored to the barley genomic sequences without any Ae. tauschii 
scaffolds were also extracted. In total, 20 Ae. tauschii scaffolds and four contigs from 
survey sequence of common wheat were assigned in silico to the syntenic region of Antr 
on the barley chromosome 5HS (Figure 14). Out of the 20 scaffolds, four were also 
mapped to the 5DS physical map of Ae. tauschii (Luo et al. 2013b). SSR, CAPS, and 
indel markers were developed from these scaffolds and contigs, and polymorphic markers 
were used for the genotyping of the F2 population (Figure III-14).  
Out of the 20 scaffolds and four contigs, 16 scaffolds and two contigs were mapped 
to the Antr chromosomal region (Figure III-14) based on seven ‘Xctg’ markers, nine ‘S’ 
markers, and two ‘5DS’ markers (Table III-9), whereas the other four scaffolds and two 
contigs were anchored to other chromosomes. Antr located within 2.6 cM spacing 
between the two most closely linked markers; S57615-1 (SSR) was mapped 0.9 cM distal, 
and Xctg211719 (CAPS) was mapped 1.6 cM proximal to the Antr locus. Although most 
markers were aligned according to the in-silico order on the physical map of barley, 
scaffolds 106719, 3575, and 12831 were more closely assigned to the Antr locus than 
scaolds 120263, 13839, and 19976; suggesting that some inversions might occur in this 
chromosomal region during the divergence between barley and Ae. tauschii.  
 
Genotypes of Antr-linked markers in the Ae. tauschii natural population 
To examine whether the Antr-linked markers are associated with the awn length variation 
in Ae. tauschii natural population, Xctg211719 and S57615-1, the two most closely linked 
markers, were used for the genotyping of the 206 accessions of Ae. tauschii. However, 
neither Xctg211719 nor S57615-1 were significantly (P > 1E−3) associated with TopAL 
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
and MidAL variations (Table III-10). The allelic differences at the two marker loci were 
not significant in TopAL, whereas the Ae. tauschii accessions which had the alleles of 
KU-2003 at the both marker loci showed significantly (Welch’s t-test, P < 0.001) lower 
MidAL value than the other accessions (Table III-11 and Figure III-7B). TopAL and 
MidAL in the Ae. tauschii accessions had low correlation (R2 = 0.121, Figure III-7B).  
 
Discussion  
Ae. tauschii shows a wide variation in spikelet and grain shapes. In the first and the second 
mapping populations used in this study, spikelet and grain morphological traits showed 
significant correlations with each other (Table III-5), indicating that the sphericalness of 
grains is affected by all of the the width of spikelets, empty glumes, and grains. Previous 
studies using wheat and its relatives observed that genes related to subspecies 
differentiation have dramatic effect on grain shape, followed by spikelet morphological 
change during the tetraploid and hexaploid wheat speciation (Tsunewaki and Koba 1979; 
Okamoto et al. 2012, 2013).  
Numbers of QTLs for spikelet and grain morphological traits were identified on all 
seven chromosomes of Ae. tauschii, but most of them were concentrated on chromosomes 
3D, 4D, and 7D. The QTLs on 3D and 4D were detected at the same location in all the 
three mapping populations, which were derived from crosses between the two lineages 
(Figures III-8 and 9); suggesting that these QTLs on 3D and 4D must have contributed to 
intraspecific variation and lineage divergence of the spikelet and grain shape in Ae. 
tauschii. Since the accessions of TauL1 generally had longer spikes, higher spikelet 
density, and shorter and narrower spikelets compared to the accessions of TauL2 (Figure 
III-2), lineage divergence of Ae. tauschii might be explained mostly by these QTLs on 
3D and 4D.  
The three TauL1 parental accessions of the three mapping populations belongs to 
sublineage TauL1b, which presumably have expanded eastward form the Transcaucasus 
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
and Middle East (Matsuoka et al. 2015). On the other hand, the other accessions, TauL1a, 
TauL2, and TauL3, stay in the Transcaucasus and Middle East. Previous reports observed 
longitudinal clines for spikelet morphological traits; eastern accessions tend to have small 
spikelet (Matsuoka et al. 2009; Takumi et al. 2009b). In the present study, the traits related 
to spike and spikelet of the TauL1b accessions differed from those of the TauL2 
accessions (Figures III-2 and 3), indicating that the morphological clines were due to the 
eastward spread of TauL1b accessions, at least for spike and spikelet shape-related traits. 
TauL1a, as well as TauL1b, differed in spike and spikelet shapes from TauL2, suggesting 
that the morphological divergence between the eastward and western accessions today 
might have occurred in Transcaucasus and Middle East before the eastward migration of 
TauL1b. The 3D and 4D QTLs are closely related to this morphological divergence 
between the accessions of east and west.  
QTLs on chromosomes 3D, 4D, and 7D are considered to have contributed to the 
morphological divergence between subspecies tauschii and subspecies strangulata 
(Figures III-8 and 9). Notably, QTL-concentrated region on 7D was only observed in the 
first population derived from an intersubspecies cross, not in the other two intrasubspecies 
populations, indicating that the QTLs on 7D should have contributed to subspecies 
divergence in TauL2 of Ae. tauschii. The accessions of subspecies strangulata belong 
only to TauL2b and TauL2 admixture, and not to TauL2a. Although the accessions of 
TauL2b had shorter spikes and spikelets and fewer spikelets per spike compared to those 
of TauL2a, EGW was not significantly different between the two sublineages in TauL2 
(Figure III-2). The restricted effects of the 7D QTLs on the intersublineage morphological 
divergence might be the result of coexistence of the two subspecies within TauL2b. The 
genetic differentiation at the QTLs on 7D might have occurred within TauL2b.  
Some QTLs for the traits related to spikelet and grain were also detected on 
chromosomes 1D, 2D, 5D, and 6D (Tables III-7 and 8), but no clear overlaps of these 
QTLs were found among the three mapping populations. These QTLs might be the 
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reflection of the morphological differences between the parental accessions and not 
contribute to the lineage and subspecies differentiations in the species. Other parental 
combinations would allow us to identify additional QTLs for spikelet and grain 
morphological traits, and to confirm the effect of the QTLs detected in this study.  
The spikelet width was additively affected by the genotypic difference at the QTLs 
on 3D and 7D (Figure III-13), indicating that the effect of the QTLs of 3D, 4D, and 7D 
on spikelet and grain morphological traits were additive. More clear subspecies 
differentiation in the spikelet and grain shapes could be observed if the genotypic 
differences at the 7D QTL were added to those of 3D and 4D QTLs.  
The description of the two subspecies in a recent monograph was not precise because 
there exist genetic and morphological intermediates (van Slageren 1994; Dvorak et al. 
1998; Pestsova et al. 2000). Previous studies showed that these subspecies can be 
distinguished using sensu-stricto criteria. Several intermediates in Transcaucasus and Iran 
should be designated as subspecies tauschii, belong to TauL2, and presumably lack the 
alleles of subspecies strangulata at the QTLs on 7D like the TauL2 parental accessions 
of the other two populations, KU-2124 of TauL2a and IG47182 of TauL2x. Therefore, 
genotypic difference at the QTLs on 7D could be the key to tell the two subspecies apart. 
In future studies, molecular markers closely linked to the QTLs on 7D should be 
developed to examine this supposition. Taken together, QTL analysis for morphological 
variation in spikelet and grain shape of wild plant species shed light into evolutionary 
tracks of intraspecific differentiation.  
The grains of the subspecies strangulata accessions has more spherical compared to 
those of subspecies tauschii accessions, and the sphericalness seems to be controlled by 
the QTLs on 3D, 4D, and 7D. Previous studies agree that TauL2 or extinct Ae. tauschii 
accessions provided common wheat with the D genome (Dvorak et al. 1998; Mizuno et 
al. 2010b; Wang et al. 2013), and the speciation event took place within the western 
habitats of Ae. tauschii (Tsunewaki 1966). In Chapter II, genetic analysis of Iw2 indicated 
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that the accessions of subspecies strangulata could not be the direct descendants of 
ancestral accessions involved in common wheat establishment. These results suggest that 
the QTLs on 3D and 4D could have been introduced from supposed ancestral TauL2 
accessions to common wheat, and that QTLs in 7D might not have been transmitted 
during the common wheat speciation. In barley, dense spike-ar (dsp.ar) on the 
centromeric region of chromosome 7H partly regulates spikelet density (Shahinnia et al. 
2012). The 7D QTL detected in this study located to the short arm, not to the centromere 
(Figure III-9), and thus might not be the ortholog of dsp.ar in barley.  
In common wheat, a lot of QTLs for grain shape and size have been identified on 
different chromosomes (Breseghello and Sorrells 2007; Sun et al. 2009; Gegas et al. 
2010), but the QTLs on 3D, 4D, and 7D detected in this study likely differ from them. 
There are no data indicating the homoeologous loci of the 3D, 4D, and 7D on the A and 
B genomes of common wheat. Fine mapping of these QTLs is needed to examine whether 
they are the homoeologs of the QTLs previously reported. Several QTLs for grain shape 
and size were detected on D genome in synthetic hexaploids derived from crosses 
between Ldn and Ae. tauschii accessions (Okamoto et al. 2013; Yan et al. 2017), whereas 
no QTLs were identified on the same chromosomal regions of 3D, 4D, and 7D as the 
present study. This might be the effects of homoeologous loci on the A and B genomes in 
the hexaploid genetic background. Thus, the introgression of the QTLs on 7D alone might 
not have significant effect on the grain shape of hexaploid wheat. The homoeologous 
alleles on the A and B genome should be transmitted as well as the 7D QTLs to alter the 
grain shape of hexaploid wheat drastically.  
Ae. tauschii population possesses a wide natural variation in awn length as well. In 
the comparison of the four sublineages, no difference was observed for TopAL, whereas 
the two TauL1 sublineages showed significantly lower value for MidAL compared to the 
two TauL2 sublineages (Figure III-5). The Ae. tauschii accessions showed no correlation 
between TopAL and MidAL (R2 = 0.121, Figure III-7B), indicating that TopAL might be 
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controlled by different genetic mechanisms. In contrast, TopAL and MidAL were 
positively correlated in the KU-2003/KU-2124 population (R2 = 0.497, Figure III-7A). 
Moreover, QTLs for TopAL and MidAL were identified on the same chromosomal region 
on 5D, explaining a large part of the variations (Figure III-10). These results suggest that 
the Antr locus has negative effect on both TopAL and MidAL, and that the awn elongation 
at the top of the spike are not controlled by Antr alone. In common wheat, the three awn 
inhibitors, Hd, B1, and B2 mainly confer awn length variation (Yoshioka et al. 2017), and 
TopAL and MidAL seem to be controlled in different ways. The common wheat lines 
which have homozygous dominant B1 alleles show relatively straight and short awns at 
the top of spike and lack awn at the middle of spike (Yoshioka et al. 2017). In sublineage 
TauL1b, many accessions with no or very short awns at the middle of spike were observed 
(Figure III-5). As reported in a previous report (Matsuoka et al. 2013), the TauL1b 
accessions presumably have spread eastward from Transcaucasus to Afghanistan and 
Pakistan, and are characterized by phenotypes like early flowering and low seed 
production. Thus, many of the Ae. tauschii accessions with no or very short awn at the 
middle of spike have arisen in TauL1b, the early flowering sublineage.  
Both QTL analysis and genetic mapping for the awn length variation in the KU-
2003/KU-2124 population assigned the causal locus to the distal end of the chromosome 
5D (Figure 10). The dominant Antr allele showed short awn phenotype, indicating that 
Antr inhibits awn elongation and cause variety anathera in Ae. tauschii. Hd, B1, and B2 
locate on chromosomes 4AS, 5AL, and 6BL of common wheat, respectively (Sears 1954; 
Li et al. 2015; Yoshioka et al. 2017). Thus, Antr is a novel awn inhibitor locus, not 
homoeologous to Hd, B1, and B2, in wheat and its relatives. The awned and awnless 
phenotypes at the top of lemma and outer glume are important character to define 
subspecies and varieties in wild Aegilops including Ae. tauschii. The anathera variety, 
which is found in TauL1 specifically (Mizuno et al. 2010b), is characterized by the 
awnless phenotype. The genetic mechanisms of awn repression in Aegilops genus remain 
 
largely unknown, unlike major cereal species such as common wheat, rice and barley. In 
rice and barley, no genes related to awn length regulation have been reported in the 
syntenic region of Antr. Moreover, the awnless alleles of rice and barley are mostly 
recessive (Luo et al. 2013a; Yuo et al. 2012; Liller et al. 2017), in contrast to wheat. There 
exist many awnless accessions in other Aegilops species as well as Ae. tauschii, but the 
genetic information on them is limited. To examine whether dominance of awnless alleles 
is general in wheat and Aegilops, comprehensive genetic analysis of awnless phenotypes 
are required in the future studies. The three awn inhibitors of common wheat show 
epistatic relationships. The interaction between Hd and B2 confer hooded awn phenotype 
with membranous lateral outgrowth, whereas B1 drastically suppresses the hooded 
phenotype (Yoshioka et al. 2017). The genetic relationship between Antr and these awn 
inhibitors is yet to be confirmed. Synthetic hexaploid lines derived from the variety 
anathera would indicate the phenotypic effect of Antr in the hexaploid genetic background.  
No significant association between the Antr-linked markers and the awn length 
variation in Ae. tauschii (Table III-10). However, the accessions with the dominant allele 
of Antr had significantly lower MidAL value (Table III-11). Therefore, additional markers 
more closely linked to Antr are required for the precise estimation of the association 
between Antr genotypic difference and awn length phenotypic variation. Identification of 
the functional mutation in the causal gene would allow us to understand the dominance 
of the awnless allele. Genome sequence of Ae. tauschii will be helpful in developing more 
markers and identifying the causal gene of Antr.  
In conclusion, phenotypic evaluation in natural population and QTL analysis using 
interlineage, intersubspecies, and intervariety F2 mapping populations illustrated that a 
limited number of genetic loci contribute to intraspecific variation in spikelet, grain and 
awn morphological traits. These phenotypic and genetic information is useful to obtain a 
new insight into the intraspecific differentiation and its evolutionary paths.   
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Figure III-1. Phenotypes of the parental
accessions of the mapping populations.
(A) Spike shape of each parental
accession. (B) Grain shapes of the two
subspecies.
 
  
Figure III-2. Box and dot plot comparison of the six spikelet morphological traits between
the lineages and sublineages. Statistical significance (***P < 0.001) of differences between
the two lineages were evaluated using Welch’s t-test. Sublineages with a common alphabet
were not significantly different (Steel-Dwass test, P < 0.05). TauL3 and sublineage
admixtures of TauL1 and TauL2 were omitted since the number of accessions were too low.
Subspecies strangulata and tauschii are represented by red and black dots, respectively.
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Figure III-3. PCA plots of the first three and two axes based on the six spikelet 
morphological traits (A, B) and four grain shape morphological traits (C). 
 	
  
Figure III-4. Box and dot plots for grain shape between lineages and among
sublineages of Ae. tauschii. Statistical significance (***P < 0.001) of differences
between the two lineages were evaluated using Welch’s t-test. Multiplex comparison
among the four sublineages was not performed since the number of accessions were
too low. Subspecies strangulata and tauschii are represented by red and black dots,
respectively.
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Figure III-5. Box and dot plot comparison of TopAL (A) and MidAL (B) between lineages
and sublineages. Statistical significance (***P < 0.001) of differences between the two
lineages were evaluated using Welch’s t-test. Sublineages with the same alphabet were not
significantly different (Steel-Dwass test, P < 0.05). TauL3 and sublineage admixutures in
TauL1 and TauL2 were omitted since the number of accessions were too low.
1 cm
Figure III-6. Phenotypic difference in awn (A) Photographs of spikelets
of the two parents, variety anathera accession KU-2003 (left) and variety
tauschii accession KU-2124 (right). (B–F) SEM images at the distal part
of the lemma in the two parental accessions and some F2 individuals.
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
  
Figure III-7. Scatter plots of TopAL and MidAL axes with regression
lines. (A) In the KU-2003/KU-2124 population, the F2 individuals
were divided into two groups mainly according to MidAL; short and
long awn groups are represented by white and black dots, respectively.
(B) In the Ae. tauschii core collection, the accessions were divided
into two groups based on the genotype at the Antr locus, which was
deduce from the genotype of the two most closely linked markers,
S57615 and Xctg211719. The accessions with and without dominant
Antr allele are represented by white and black dots, respectively.
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Figure III-8. Comparison of the QTL locations on the chromosomes 3D (A) and 4D
(B) linkage maps between the three mapping populations. Bars represent QTLs with
LOD scores above the thresholds. Genetic distances are shown in centimorgans.
Putative centromeric regions are represented by gray boxes.
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Figure III-9. Comparison of the QTL locations on the chromosomes 7D
linkage maps between the three mapping populations. Bars represent QTLs
with LOD scores above the thresholds. Genetic distances are shown in
centimorgans. Putative centromeric regions are represented by gray boxes.
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Figure III-10. QTL analysis for TopAL and MidAL and genetic mapping of Antr in the
KU-2003/ KU-2124 population. (A) An SSR marker-based linkage map of chromosome
5D containing the Antr locus. QTL-likelihood curves of LOD scores are also shown for
TopAL and MidAL. On the left of the chromosomes, genetic distances are represented in
centimorgans. The LOD score thresholds for TopAL and MidAL were calculated to be
3.8 and 21.4, respectively. (B) Genotypic effects of the two QTLs on TopAL and MidAL.
The genotypes of QTLs were deduced from the genotyping data in the marker interval
between Antr and Xcfd18. Statistical significance (***P < 0.001) of difference between
the two genotypes were evaluated using Welch’s t-test.
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Figure III-12. Genotypic effects of several QTLs on spikelet mophological traits
in the KU-2003/KU-2124 and PI476874/IG47182 populations. The genotypes of
QTLs were deduced from genotyping data in the marker intervals specified above
each graph. Means ± SD with the same alphabet were not significantly different
(P > 0.05, Tukey-Kramer HSD test).
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Figure III-11. Genotypic effects of several QTLs on spikelet mophological traits
in the KU-2078/PI499262 population. The genotypes of QTLs were deduced
from genotyping data in the marker intervals specified above each graph. Means
± SD sharing the same alphabet were not significantly different (P > 0.05,
Tukey-Kramer HSD test).
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Figure III-13. Photographs of spikelets
with different genotype combinations. 
 	
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Figure III-14. Comparison between the fine map around the Antr region
and the physical maps of barley (IBSC 2012) and Ae. tauschii (Luo et al.
2013b) each containing Ae. tauschii scaffolds (Jia et al. 2013) and contigs
from the survey sequences of common wheat (IWGSC 2014). Scaffold
and contig locations on the physical maps are indicated on the left (Mb),
and their names on the right.
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Table III-1. Eigenvectors for the first, second, and third principal components for the six 
spikelet-related traits 
Trait PC1 PC2 PC3 
Spike length 0.24 0.67 −0.02 
Number of spikelet per spike 0.46 0.43 −0.27 
Spikelet density 0.46 −0.24 −0.46 
Spikelet length −0.51 0.18 0 
Empty glume length −0.29 0.52 0.04 
Empty glume width −0.42 0.01 −0.84 
PC1, PC2, and PC3 explain 50.3, 28.0, and 10.0 % of the total variance, respectively. 
 
 
Table III-2. Grain shape variation between lineages and subspecies of Ae. tauschii. 
Grain traits 
Lineage 
TauL1 (n = 13) TauL2 (n = 24) TauL1 + TauL2 
Grain length (mm) 5.01 ± 0.52 5.29 ± 0.61 5.20 ± 0.59 
Grain width (mm) 2.18 ± 0.23 2.70 ± 0.25*** 2.52 ± 0.35 
Grain height (mm) 1.32 ± 0.22 1.70 ± 0.16*** 1.57 ± 0.26 
Length/width ratio 2.32 ± 0.28 1.98 ± 0.32** 2.10 ± 0.35 
Grain traits 
Subspecies 
tauschii (n = 27) strangulata (n = 12) Total 
Grain length (mm) 5.39 ± 0.59 4.77 ± 0.27*** 5.2 ± 0.58 
Grain width (mm) 2.39 ± 0.36 2.74 ± 0.18*** 2.5 ± 0.35 
Grain height (mm) 1.51 ± 0.29 1.64 ± 0.16 1.55 ± 0.26 
Length/width ratio 2.29 ± 0.28 1.75 ± 0.15*** 2.12 ± 0.35 
Data are indicated as mean ± standard deviation. 
Welch’s t-test was used for statistical significance of differences between the two lineages or 
between subspecies (** P < 0.01, *** P < 0.001). 
 
 
Table III-3. Eigenvectors for the first and second principal components for the grain shape traits 
Trait PC1 PC2 
Grain length 0.18 −0.75 
Grain width 0.65 0.08 
Grain height 0.58 −0.31 
Length/width ratio −0.45 −0.58 
PC1 and PC2 explain 56.5 and 39.6 % of the total variance, respectively. 
  
 		
Table III-4. Mean values for 12 spikelet-shape related traits in the three F2 populations and their 
parents. 
 SL (cm) NSp NISp SpD (cm1) SpL (mm) SpW (mm) 
KU-2078/PI499262      
KU-2078 9.62 ± 0.26** 12 ± 0*** 1.33 ± 0.58* 1.25 ± 0.03* 9.56 ± 0.30*** 4.57 ± 0.11*** 
PI499262 11.43 ± 0.40 15.33 ± 0.58 0 1.34 ± 0.02 7.34 ± 0.07 2.60 ± 0.08 
F2 population 107.65 ± 0.10 13.49 ± 0.99 1.00 ± 0.70 1.26 ± 0.10 8.87 ± 0.68 3.55 ± 0.32 
Min-Max in F2 7.94–13.50 11.00–16.00 0.00–2.33 1.10–1.68 6.80–10.56 2.75–4.35 
KU-2003/KU-2124      
KU-2003 11.61 ± 0.23 14.33 ± 0.58** 0.33 ± 0.58** 1.23 ± 0.02** 9.75 ± 0.28*** 3.64 ± 0.17** 
KU-2124 10.97 ± 0.40 12 ± 0 2 ± 0 1.10 ± 0.04 11.55 ± 0.09 4.38 ± 0.08 
F2 population 11.65 ± 0.70 12.09 ± 1.12 1.03 ± 0.69 1.04 ± 0.09 10.15 ± 0.69 3.86 ± 0.22 
Min-Max in F2 97.36–134.9 9.33–15 0–2.67 0.83–1.26 8.31–12.14 3.20–4.40 
PI476874/IG47182      
PI476874 12.62 ± 0.52* 15.33 ± 1.15** - 1.21 ± 0.04** 9.08 ± 0.46** - 
IG47182 11.31 ± 0.63 11.33 ± 0.58 - 1.00 ± 0.01 10.95 ± 0.33 - 
F2 population 10.31 ± 0.99 10.32 ± 1.33 - 1.00 ± 0.09 10.13 ± 0.95 - 
Min-Max in F2 7.6–12.7 7–13 - 0.83–1.27 7.90–12.40 - 
 
 EGL (mm) EGW (mm) GL (mm) GW (mm) GH (mm) LWr 
KU-2078/PI499262      
KU-2078 5.93 ± 0.18 4.39 ± 0.06*** 4.68 ± 0.21 2.62 ± 0.11*** 1.83 ± 0.16*** 1.79 ± 0.09*** 
PI499262 5.80 ± 0.04 2.63 ± 0.25 4.81 ± 0.19 1.59 ± 0.15 1.10 ± 0.08 3.04 ± 0.31 
F2 population 6.27 ± 0.35 3.42 ± 0.29 5.24 ± 0.30 2.36 ± 0.23 1.59 ± 0.18 2.24 ± 0.19 
Min-Max in F2 5.31–7.27 2.63–4.22 3.70–5.79 1.79–2.78 0.87–1.90 1.74–2.81 
KU-2003/KU-2124      
KU-2003 7.89 ± 0.41 3.32 ± 0.20 ** 6.27 ± 0.12*** 2.53 ± 0.12*** 1.85 ± 0.12 2.48 ± 0.15*** 
KU-2124 8.34 ± 0.05 4.06 ± 0.13 5.93 ± 0.20 3.13 ± 0.17 1.90 ± 0.09 1.90 ± 0.12 
F2 population 7.98 ± 0.46 3.50 ± 0.25 6.10 ± 0.29 2.76 ± 0.13 1.83 ± 0.11 2.21 ± 0.12 
Min-Max in F2 6.91–9.13 2.85–4.21 5.08–6.67 2.33–3.04 1.51–2.08 1.93–2.52 
PI476874/IG47182       
PI476874 6.48 ± 0.44 3.77 ± 0.37 - - - - 
IG47182 6.60 ± 0.09 3.77 ± 0.15 - - - - 
F2 population 6.75 ± 0.50 3.62 ± 0.38 - - - - 
Min-Max in F2 5.90–8.40 3.05–6.45 - - - - 
Each trait value is indicated as mean ± standard deviation.  
Student’s t-test was used for statistical significance of differences between the parental 
accessions (** P < 0.01, *** P < 0.001).  
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Table III-5. Correlation coefficient (r) matrix for eight spikelet traits and four grain traits in the three mapping populations  
KU-2078/PI499262           
 NSp NISp SpD SpL SpW EGL EGW GL GW GH LWr 
SL 0.667*** −0.114 −0.647*** 0.662*** 0.455*** 0.626*** 0.415*** 0.498*** 0.375*** 0.397*** −0.091 
NSp  −0.021 0.127 0.030 0.083 0.136 0.046 −0.023 0.062 0.035 −0.100 
NISp   0.127 −0.034 0.023 −0.015 −0.074 −0.220* −0.048 −0.17 −0.106 
SpD    −0.847*** −0.528*** −0.694*** −0.515*** −0.718*** −0.441*** −0.541*** 0.002 
SpL     0.683*** 0.731*** 0.658*** 0.678*** 0.549*** 0.559*** −0.172 
SpW      0.51*** 0.940*** 0.528*** 0.850*** 0.721*** −0.640*** 
EGL       0.534*** 0.582*** 0.426*** 0.463*** −0.099 
EGW        0.527*** 0.853*** 0.720*** −0.646*** 
GL         0.566*** 0.768*** 0.025 
GW          0.803*** −0.805*** 
GH           −0.418*** 
Levels of significance are shown by asterisks (* P < 0.05, ** P < 0.01, *** P < 0.001).  
  
 
Table III-5. (Continued)  
KU-2003/KU-2124           
 NSp NISp SpD SpL SpW EGL EGW GL GW GH LWr 
SL 0.4*** −0.148 −0.258** 0.311*** 0.244** 0.381*** 0.189* 0.206* 0.109 −0.028 0.094 
NSp  −0.751*** 0.781*** −0.312*** −0.091 −0.346*** −0.181 −0.073 −0.381*** 0.019 0.275** 
NISp   −0.692*** 0.139 −0.051 0.255** 0.068 −0.058 0.278** −0.026 −0.303*** 
SpD    −0.528*** −0.251** −0.618*** −0.314*** −0.216* −0.469*** 0.043 0.221* 
SpL     0.467*** 0.616*** 0.508*** 0.408*** 0.561*** −0.005 −0.141 
SpW      0.522*** 0.753*** 0.274** 0.608*** 0.306*** −0.301** 
EGL       0.476*** 0.39*** 0.516*** 0.184* −0.109 
EGW        0.287** 0.725*** 0.129 −0.401*** 
GL         0.38*** 0.369*** 0.547*** 
GW          0.195* −0.565*** 
GH           0.145 
 
PI476874/IG47182     
 NSp SpD SpL EGL EGW 
SL 0.708*** −0.043 0.398*** 0.362*** 0.268** 
NSp  0.673*** −0.051 −0.097 0.119 
SpD   −0.487*** −0.506*** −0.1 
SpL    0.621*** 0.237* 
EGL     0.311** 
Levels of significance are shown by asterisks (* P < 0.05, ** P < 0.01, *** P < 0.001).  
  
 

Table III-6. Awn length (mm) of KU-2003/KU-2124 F2 population  
 TopAL** MidAL** 
KU-2003 18.78 ± 2.63 2.69 ± 0.42 
KU-2124 40.16 ± 1.38 9.22 ± 1.02 
F2 population 26.63 ± 8.43 3.93 ± 5.04 
Min-Max in F2 5.75–50.78 0–19.63 
Each trait value is indicated as mean ± standard deviation. 
Statistical significance of parental differences was calculated based on Welch’s t-test (** P < 0.01). 
 
Table III-7. QTLs identified for spikelet- and grain-shape related traits in the KU-2078/PI499262 
population 
Trait Locus Map location LOD score Contribution (%) 
Additive 
effect 
SL Q.Sl.kpg.1D.1 Xgwm458–Xhbg223 15.49 41.5 −1.02 
 Q.Sl.kpg.5D.1 Xcfd266–Xgdm43 5.52 12.1 0.53 
 Q.Sl.kpg.7D.1 –Xctg05162 4.29 14.6 0.61 
NSp Q.Nsp.kpg.1D.1 Xwmc432–Xcfd282 9.67 27.9 −0.76 
 Q.Nsp.kpg.3D.1 Xgwm341–Xgdm8 4.26 14.2 −0.60 
 Q.Nsp.kpg.5D.1 Xcfd266–Xgwm583 3.95 14.7 0.59 
 Q.Nsp.kpg.6D.1 Xcfd132–Xcfd95 9.22 34.3 −0.81 
NISp Q.Nisp.kpg.1D.1 Xwmc432–Xgwm104 4.29 12.2 −0.26 
 Q.Nisp.kpg.1D.2 Xgwm337–Xgwm458 6.70 20.8 0.30 
 Q.Nisp.kpg.4D.1 Xgwm165–Xcfd39 3.91 13.0 0.40 
 Q.Nisp.kpg.7D.1 Xbarc352–Xkupg235 4.51 15.0 −0.40 
SpD Q.Spd.kpg.1D.1 Xcfd48–Xwmc609 4.55 11.7 0.03 
 Q.Spd.kpg.3D.1 Xwmc43–Xwmc375 15.07 39.8 −0.06 
 Q.Spd.kpg.4D.1 Xbarc98–Xcfd39 5.02 11.6 −0.03 
SpL Q.Spl.kpg.1D.1 Xhbg223–Xgdm126 5.16 13.6 −0.37 
 Q.Spl.kpg.3D.1 Xwmc43–Xwmc375 9.32 25.9 0.55 
 Q.Spl.kpg.5D.1 Xgwm583–Xgdm43 3.71 9.0 0.30 
SpW Q.Spw.kpg.3D.1 Xwmc43–Xwmc375 7.86 20.9 0.18 
 Q.Spw.kpg.4D.1 Xbarc98–Xgwm192 3.80 9.3 0.15 
 Q.Spw.kpg.4D.2 Xgwm165–Xcfd39 3.80 9.1 0.14 
 Q.Spw.kpg.7D.1 Xbarc352–Xcfd46 11.22 30.0 0.14 
EGL Q.Egl.kpg.1D.1 Xgwm337–Xbarc169 9.24 24.0 −0.28 
 Q.Egl.kpg.5D.1 Xgdm138–Xgwm182 9.43 26.6 0.36 
 Q.Egl.kpg.6D.1 Xcfd132–Xwmc753 6.04 14.5 0.22 
 Q.Egl.kpg.7D.1 Xbarc70–Xwmc463 4.37 8.6 0.09 
EGW Q.Egw.kpg.1D.1 Xcfd282– 4.33 10.9 −0.13 
 Q.Egw.kpg.3D.1 Xwmc43–Xwmc375 7.54 16.8 0.17 
 Q.Egw.kpg.7D.1 Xbarc92–Xcfd46 12.11 27.0 0.13 
GL Q.Gl.kpg.3D.1 Xhbg444–Xctg06827 5.22 18.3 0.19 
 Q.Gl.kpg.7D.1 Xbarc92–Xhbd154 6.67 19.5 0.12 
 Q.Gl.kpg.7D.2 Xhbd154–TNAC1940 4.85 15.7 0.04 
GW Q.Gw.kpg.3D.1 Xwmc43–Xhbg444 4.27 11.3 0.11 
 Q.Gw.kpg.3D.2 Xhbg444–Xgdm8 3.98 10.8 0.10 
 Q.Gw.kpg.3D.3 Xgdm8–Xwmc375 3.54 9.1 0.09 
 Q.Gw.kpg.4D.1 Xgwm165–Xcfd39 3.63 8.6 0.09 
 Q.Gw.kpg.7D.1 Xbarc92–TNAC1940 12.32 31.0 0.12 
 Q.Gw.kpg.7D.2 TNAC1940–Xcfd46 3.88 10.2 0.04 
GH Q.Gh.kpg.3D.1 Xgdm8–Xctg06827 4.37 12.1 0.09 
 Q.Gh.kpg.7D.1 Xbarc92–Xcfd46 15.91 43.7 0.12 
LWr Q.Lwr.kpg.6D.1 Xcfd76–Xcfd38 3.76 12.9 −0.10 
 Q.Lwr.kpg.7D.1 Xbarc352–Xkupg235 8.54 32.4 −0.12 
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Table III-8. QTLs identified for spikelet- and grain-shape related traits in the KU-2003/KU-2124 
and PI476874/IG47182 populations. 
Trait Locus Map location LOD score Contribution (%) 
Additive 
effect 
KU-2003/KU-2124     
SL Q.Sl.kpg.2D.1 Xgwm30–Xgwm539 4.19 14.5 −3.96 
NSp Q.Nsp.kpg.3D.1 Xgwm645–Xcfd152 4.22 8.2 0.42 
 Q.Nsp.kpg.4D.1 Xcfd71–Xcfd84 13.47 32.5 0.98 
NISp Q.Nisp.kpg.4D.1 Xcfd71–Xcfd84 8.56 26.8 −0.49 
 Q.Nisp.kpg.6D.1 Xwmc435–Xbarc54 4.33 10.6 −0.27 
SpD Q.Spd.kpg.2D.1 PpdD1–Xgwm102 5.37 12.8 0.27 
 Q.Spd.kpg.2D.2 Xgwm102–Xgwm515 3.61 9.4 0.24 
 Q.Spd.kpg.3D.1 Xwmc505–Xgdm72 3.80 17.2 0.24 
 Q.Spd.kpg.4D.1 Xwmc52–Xwmc331 3.97 10.8 0.33 
SpL Q.Spl.kpg.2D.1 Xgwm539–Xcfd168 5.81 14.1 −0.37 
 Q.Spl.kpg.3D.1 Xgwm456–Xgdm72 4.16 11.3 −0.33 
 Q.Spl.kpg.4D.1 –Xwmc331 6.27 16.0 −0.58 
 Q.Spl.kpg.5D.1 Xcfd81–Xgwm213 8.96 24.6 −0.49 
SpW Q.Spw.kpg.2D.1 –Xwmc817 4.54 14.3 0.03 
 Q.Spw.kpg.4D.1 –Xcfd71 4.13 13.3 −0.12 
 Q.Spw.kpg.5D.1 Xcfd57–Xgdm153 4.17 18.6 −0.15 
EGL Q.Egl.kpg.1D.1 Xgwm106–Xcfd19 5.11 12.1 0.26 
 Q.Egl.kpg.3D.1 Xwmc529–TNAC1301 3.64 13.3 −0.19 
 Q.Egl.kpg.3D.2 TNAC1301–Xgdm72 4.36 13.3 −0.23 
 Q.Egl.kpg.4D.1 –Xcfd71 5.00 11.5 −0.26 
 Q.Egl.kpg.4D.2 Xcfd71–Xwmc331 4.50 13.1 −0.27 
EGW Q.Egw.kpg.2D.1 Xgwm539–Xcfd168 5.63 13.7 −0.14 
 Q.Egw.kpg.4D.1 –Xwmc331 7.33 18.6 −0.17 
 Q.Egw.kpg.5D.1 Xgdm153–Xwmc788 6.31 18.2 −0.15 
GL Q.Gl.kpg.2D.1 Xwmc245–Xwmc601 4.25 10.8 0.11 
 Q.Gl.kpg.4D.1 Xcfd71–Xwmc399 6.13 18.8 −0.17 
 Q.Gl.kpg.5D.1 Xgwm159–Xcfd266 6.80 23.5 −0.20 
 Q.Gl.kpg.5D.2 Xwmc215–Xgdm63 3.68 11.6 0.14 
 Q.Gl.kpg.6D.1 Xcfd188–Xbarc204 3.68 10.4 0.06 
 Q.Gl.kpg.7D.1 Xwmc634–Xcfa2040 5.06 26.4 0.22 
GW Q.Gw.kpg.2D.1 Xgwm539–Xcfd168 4.92 11.3 −0.07 
 Q.Gw.kpg.3D.1 Xbarc42–Xcfd211 4.98 11.4 −0.06 
 Q.Gw.kpg.4D.1 Xcfd71–Xwmc399 10.08 28.3 −0.12 
LWr Q.Lwr.kpg.2D.1 Xwmc601–Xcfd233 5.16 13.1 0.06 
 Q.Lwr.kpg.4D.1 Xcfd71–Xcfd84 12.32 35.1 0.06 
 Q.Lwr.kpg.5D.1 Xwmc215–Xgdm63 5.48 13.4 0.06 
PI476874/IG47182     
NSp Q.Nsp.kpg.4D.1 Xgwm193–Xcfd39 3.53 12.4 −0.74 
SpD Q.Spd.kpg.3D.1 Xwmc505–Xctg06827 8.97 24.4 −0.07 
 Q.Spd.kpg.4D.1 Xctg03127–Xcfd39 8.05 22.7 −0.66 
SpL Q.Spl.kpg.3D.1 Xgwm456–Xctg06827 5.77 16.9 0.59 
 Q.Spl.kpg.5D.1 Xctg05398–Xgwm174 5.12 14.8 0.51 
EGL Q.Egl.kpg.3D.1 Xwmc505–Xctg06827 6.25 17.5 0.29 
 Q.Egl.kpg.4D.1 Xctg06555–Xcfd39 6.02 18.8 0.29 
 Q.Egl.kpg.7D.1 Xbarc172–Xwmc824 5.45 15.6 −0.29 
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Table III-9. Primers successfully developed in this study  
Maker name Primer sequences Type 
Restriction 
enzyme 
Annealing 
temp. () 
S24849-1 
TGATGAGCCCTCCCTTCTCA 
SSR – 58 
ATTATTGTTGGCACCGGGGT 
Xctg211959 
CGGGAAGCAAGTTGTGAAAGT 
SNP HaeIII 58 
CCCCGACGACAAGGAAGCC 
S37269-3 
GGGCTGCAAGATCAGAAGCT 
SNP TaqI 58 
GCCGTAGCTGGAACTTGTC 
S44062-1 
GTGCCAAGTCCTTGCTGTTG 
SSR – 58 
CAACTACGTCGGGCAAAAGC 
S34137-2 
TGGTTTATGCGGCCACCC 
SNP HhaI 58 
TTGTGAGCTTGTGGTGTGGT 
5DS1818276 
TGGTGTGGAGGTGAAAAGCG 
indel – 58 
CCTCCATGGAAGAGGGTCCT 
5DS2736392 
TCTCTTGCACACCAGAAATGA 
SSR – 58 
GCAAGGATACCAGGTACCGT 
S57615-1 
CGGAGGTGGGGGATGGATTA 
SSR – 58 
GCACATTTTCTTGCGGCACATA 
Xctg211719 
TCAGGGAAAGTGTAGTAGCAACC 
SNP TaqI 58 
CTGTGAGAGTCCCCCTGCT 
Xctg207551 
GATCCCGTCCCCATCGCG 
SNP MspI 58 
ATCAGCTCCTCCCTGTCCCC 
S25552-1 
AGATCGGAAGTTTATCCCGCA 
SSR – 50 
ACGTGTGGAAAGTTCTACGGA 
Xctg214181 
CAGAGGGCTACTTCCACACC 
SNP MspI 58 
GGACAGGAGCTCCGCGTC 
Xctg213064 
GCAGCATACAAAGATGCCGC 
SNP AfaI 58 
GTGACGGTGGACAGAAAGGA 
Xctg211087 
TGGATCCTCTTCTTTGCTGTCA 
indel – 58 
TGGCGCGAAACTATATCACCA 
Xctg211973 
TGCCTCAGCGAGCTCTACTA 
indel – 58 
GGTCGATCATGAGCAGCAGT 
S120263-1 
AAGCGTATACCGTTGCATGA Presence/ 
absence 
– 58 
TACCTGCCCCCTTAGTTGTG 
S13839-1 
ACATCCATAAATCCCCGCCC 
SSR – 58 
GTTTAGGACCGAGCCTTGGG 
S19976-1 
CCCCTTGAAGACCCCCTAGA 
SSR – 58 
TCTGTTGCAGCCTACACAGA 
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Table III-10. Association analysis between Antr-linked marker genotypes and TopAL 
and MidAL in 210 Ae. tauschii accessions.  
Marker name Marker type 
P value 
TopAL MidAL 
Xctg211719 CAPS 0.02797 0.02102 
S57615-1 SSR 0.54894 0.00731 
The P values were calculated based on a mixed linear model in the TASSEL ver. 4.0 
software.  
 
 
Table III-11. Variation in awn length of Ae. tauschii accessions with and without the Antr 
allele. 
 
Accessions with 
Antr allele (n = 27) 
Accessions without 
Antr allele (n = 176) 
All accessions 
(n = 203) 
TopAL (mm) 31.95 ± 8.86 34.35 ± 5.92 34.03 ± 6.41 
MidAL (mm)*** 2.49 ± 3.38 5.96 ± 6.37 5.5 ± 6.17 
Each trait value is indicated as mean ± standard deviation. 
Statistical significance of differences between accessions with and without Antr allele 
was calculated based on Welch’s t-test (***P < 0.001). 
The Antr genotype was estimated from S57615–Xctg211719 genotype. 
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Chapter IV  
RNA sequencing of multiple Aegilops tauschii accessions and its impact on the 
discovery of genome-wide polymorphisms  
 
This chapter is mainly based on these publications:  
Nishijima R, Yoshida K, Motoi Y, Sato K, Takumi S (2016) Genome-wide identification 
of novel genetic markers from RNA sequencing assembly of diverse Aegilops tauschii 
accessions. Molecular Genetics and Genomics 291:16811694. doi: 10.1007/s00438-
016-1211-2  
Nishijima R, Yoshida K, Matsuoka Y, Takumi S (in preparation) RNA sequencing-based 
high-through-put genotyping leads high-resolution genome-wide association analysis 
of natural variations in wild wheat progenitor Aegilops tauschii  
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Abstract  
Ae. tauschii and other wild Aegilops species have contributed their tremendous natural 
variation to wheat improvement. However, their genomic sequences and physical maps 
have been difficult to be constructed due to their huge and repetitious nature. To fully take 
advantage of their valuable traits, genome-wide polymorphisms were identified through 
RNA sequencing of the Ae. tauschii core collection, and used to evaluate the population 
structure of Ae. tauschii. Transcripts were de novo assembled from each RNA-seq reads 
of ten representative accessions, and mapped to the Ae. tauschii chromosomes, as well as 
to the barley chromosomes using the conserved synteny between wheat relatives and 
barley. On average, 28,593 SNPs were extracted from pairwise comparison of the ten 
accessions and distributed throughout the chromosomes, which would be useful for 
linkage map construction. For the remaining 200 accessions, 3’-specific cDNA libraries 
constructed with BrAD-seq method were sequenced. After quality control, high-quality 
reads were aligned to the de novo assembled transcripts, and 9,610 non-redundant SNPs 
were estimated. PC and phylogenic analyses using non-redundant SNPs without missing 
values revealed that the Ae. tauschii natural population was largely classified into two 
lineages, TauL1’ and TauL2’, and that the D genome of common wheat was grouped into 
a subgroup TauL2b’, consistent with previous reports. However, unlike these reports, the 
wheat D genome was not genealogically separated from TauL2b’ accessions, indicating 
that the existing intergenic polymorphisms between the D genomes of Ae. tauschii and 
common wheat had occurred during or after common wheat establishment. The strategy 
presented here, which combined de novo transcriptome assembly of a few accessions and 
BrAD-seq of multiple accessions, would be applicable to molecular marker development 
in other Aegilops species, even without physical maps or any genomic sequences.  
 
Keywords: RNA sequencing, DNA markers, Triticeae, synteny, intraspecific genealogical 
relationship, common wheat speciation   
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Introduction  
Ae. tauschii has provided wheat with various traits of agronomical importance including biotic 
and abiotic stress tolerance (Matsuoka et al. 2013, 2015; Yang et al. 2014; Sehgal et al. 2015). 
The genetic and morphological diversity that the wild wheat relatives have is potential resources 
for wheat breeding. To promote the utilization of these variations, efficient methods for 
molecular marker development are required. The large and complicated genomes of Aegilops 
species, however, have limited the accessibility to their genome sequences.  
The genus Aegilops belongs to the Triticeae tribe, which includes cereals of economic 
importance, such as wheat, barley, and rye, as well as their wild relatives. Barley has been the 
model plant in the tribe Triticeae with the high-class genome sequences available (Matsumoto 
et al. 2011; IBSC 2012; Beier et al. 2017; Mascher et al. 2017). The divergence time between 
barley and wheat was 13 million years ago (Gaut 2002), and the collinearity of gene order is 
well conserved between barley and the three homoeologous genomes of wheat (Mayer et al. 
2011; Wicker et al. 2011). Owing to the conserved synteny, the genome sequences and the 
physical map of barley have been valuable tools for molecular marker development in wheat 
and its relatives, as described in Chapters II and III.  
SNP is more abundant in plant genomes than any other sequence variations (Miller et al. 
2013). For genome-wide SNP identification in wheat and its relatives, whole genome 
sequencing is impractical because of the genome size and complexity, as well as the cost. To 
avoid these difficulties, RNA sequencing (RNA-seq) will be a useful alternative. There are 
some merits of RNA-seq approach: (1) it excludes intergenic repetitive regions, and thus is 
suitable for wheat and its relatives with large and complex genomes, (2) the identified 
polymorphisms are anchored to chromosomes using the conserved synteny with other grass 
species of which genome sequences are available, such as barley, rice, and Brachypodium, and 
(3) gene expression profile can be obtained at the same time.  
Iehisa et al. (2012, 2014) conducted sequencing of leaf and spike transcriptomes from two 
Ae. tauschii accessions and detected 13,347 high-confidence SNPs in 4,872 contigs, 
demonstrating the effectiveness of RNA-seq in identifying molecular markers of Ae. tauschii. 
In this study, RNA-seq analysis of 210 Ae. tauschii accessions was performed to search for 
 
	
genome-wide polymorphisms. Using the RNA-seq-derived SNPs, the population structure of 
Ae. tauschii was re-evaluated, and then compared with the previous ones, which were generated 
based on 10K infinium SNP array (Wang et al. 2013) and on 169 DArT markers (Matsuoka et 
al. 2013), respectively.  
 
Materials and methods  
Plant materials, library construction, and RNA sequencing 
The sequencing experiment was divided into two parts; ten accessions firstly and the other 200 
accessions secondly. The ten leading accessions consists of six TauL1 accessions, AT76, 
PI499262, KU-2627, KU-2025, KU-2087, and KU-2003, and four TauL2 accessions, KU-2078, 
KU-2124, KU-2075, and KU-2093 (Table I-1). Total RNA was extracted from the seedling 
leaves of each accession using a Plant Total RNA Extraction Miniprep System (Viogene, Taipei 
Hsien, Taiwan, ROC). A total of 4µg of RNA was used to construct each paired-end library 
according to the manufacturer’s instructions. The libraries were sequenced on Illumina MiSeq 
with 300-bp paired end reads. For the remaining 200 accessions, total RNA was extracted from 
leaves at the seedling stage and 3’-specific cDNA libraries were constructed with BrAD-seq 
method (Townsley et al. 2015). The libraries were sequenced using Illumina HiSeq sequencer 
with 100-bp paired end reads.  
 
De novo assembly of RNA-seq short reads of the ten accessions  
The short reads of the ten leading accessions were quality-checked using the FastQC tool on 
the Galaxy portal (Giardine et al. 2005; Blankenberg et al. 2010; Goecks et al. 2010). Adapter 
sequences, low-quality bases (average Phred quality score per 4 bp < 30), and reads < 100 bp 
were filtered using the Trimmomatic version 0.32 tool (Bolger et al. 2014). The overlapping 
region of paired short reads was merged using PEAR version 0.9.7 software (Zhang et al. 2014). 
To reconstruct transcripts of the ten accessions, the merged reads were de novo assembled using 
Trinity version 2.1.1 software (Grabherr et al. 2011; Haas et al. 2013). Any isoforms generated 
by Trinity were removed to define the unigene set for each accession.  
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Mapping the reconstructed unigenes to the chromosomes of barley and Ae. tauschii  
The unigenes were aligned to the reference genome of barley “v1.26 masked” (IBSC 2012) and 
the Ae. tauschii reference genome “v1.25 masked” (Jia et al. 2013), which were obtained from 
Ensembl Plants (Kersey et al. 2015), using Gmap version 2013-03-31 software (Wu and 
Watanabe 2005; Quinlan and Hall 2010). The mapping thresholds for identity and coverage 
were set to > 78% and > 77% for barley, and to > 95% and > 90% for Ae. tauschii, respectively.  
 
Gene expression quantification and SNPs and indels calls between the ten accessions  
The merged reads of the ten accessions were aligned to their unigenes using the Bowtie2 tool 
(Langmead and Salzberg 2012), resulting in 10 × 10 alignment outputs. The depth of coverage 
over a unigene was estimated using SAMtools software with the command “samtools idxstats” 
(Li et al. 2009), and the count per million (CPM) value of each unigene was calculated as an 
index for gene expression. Correlation coefficients of the CPM between accessions were 
computed using R software ver. 3.3.1 (R Core Team 2016) on RStudio ver. 0.99.902 (RStudio 
team 2015), and visualized using R package ‘ggplot2’ (Wickham 2009).  
To extract SNPs and indeld from the alignment files, SAMtools and Coval software used 
with the option “-freq 0.95 -m 1000000 -n 3” or “-freq 0.95 -m 1000000 -n 10” (Kosugi et al. 
2013). Since Ae. tauschii is autogamous, only homozygous SNPs and indels were selected. 
Based on the GMAP outputs, the detected SNPs and indels were mapped to the barley and Ae. 
tauschii genome sequences. The Ae. tauschii scaffolds sequences were anchored to the Ae. 
tauschii genetic map (Luo et al. 2013b) using the positional information from Supplementary 
Material 4 in Iehisa et al. (2014).  
 
Molecular marker development using the RNA-seq-derived SNPs 
To evaluate the SNP dataset, CAPS markers were generated and mapped to the Iw2 region in 
KU-2003/KU2124 F2 mapping population (described in Chapter II). SNPs on the scaffolds 
anchored to the Iw2 region were converted into CAPS markers (Table IV-1). PCR conditions 
and the following experiments were referred to the previous reports (Iehisa et al. 2012, 2014). 
The association analysis between these markers and glaucous phenotypic variation in Ae. 
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tauschii natural population was performed as described in Chapter II.  
 
Identification of non-redundant SNPs among the 210 Ae. tauschii accessions 
After removing adapter sequences, low-quality bases, and reads < 30 bp from raw reads of the 
remaining 200 accessions, high-quality reads were aligned to the unigenes of KU-2087. SNPs 
and indels were detected in each alignment file using SAMtools and Coval software with the 
option “-freq 0.95 -m 1000000 -n 3”, and then non-redundant SNPs were estimated under the 
condition of minor allele frequency ≥ 0.05 and missing rate < 0.25. The unigenes of KU-2087 
were mapped to the Ae. tauschii reference genome (Luo et al. 2017) and the D genome of 
common wheat (pre-released from IWGSC website) using GMAP. Non-redundant SNPs which 
had no missing values and were anchored to both the Ae. tauschii genome and the D genome 
of common wheat were further used for PCA analysis. A phylogenetic tree was constructed 
using these SNPs by the neighbour-joining (NJ) method in MEGA software version 5.2 (Tamura 
et al. 2011).  
 
Results  
Reconstruction of transcripts of the ten Aegilops tauschii accessions  
To gain information on sequence variation in Ae. tauschii natural population, the ten accessions 
were RNA-sequenced prior to the other 200 accessions (Table I-1). These ten accessions were 
selected from both major lineages, TauL1 and TauL2, representing the genetic variation of Ae. 
tauschii. For each accession, 4.8–5.8 million pair-end short reads were generated (Table IV-2), 
and processed as shown in Figure IV-1. After quality control and merging the short reads, 2.6–
3.6 million reads were obtained with average length of 327 bp. De novo assembly reconstructed 
33,680–65,827 transcripts, and the N50 values were 1369–1519 bp. After filtering second or 
later isoforms, 29,386–55,268 representative unigenes were acquired (Table IV-3). These 
unigenes were aligned to the genome sequences of barley (IBSC 2012) and Ae. tauschii (Jia et 
al. 2013); 29.8–39.1% were mapped to barley genome sequence and 65.7–79.7% to Ae. tauschii 
genome sequence (Table IV-3). More unigenes were aligned to the genome sequence of Ae. 
tauschii than to that of barley, and the unigenes only mapped to the barley genome occupied a 
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few percent. The unigenes that were not aligned to neither barley genome nor Ae. tauschii 
genome were 15.6–29.8% and might have been derived from the region lacked in the genome 
sequences or sequences specific to the accession.  
The ten Ae. tauschii accessions were grown under the same condition and sampled at the 
same stage in order to obtain similar transcriptional profiles as possible. To evaluate the gene 
expression patterns, CPM and the correlation coefficient of CPM between all pairs of the ten 
accessions were calculated (Table IV-4). Significant positive correlations were detected in all 
the pairwise comparisons, suggesting that no dramatic differences in transcriptional profiles 
among the ten accessions.  
 
Identification of sequence variations in the ten Ae. tauschii accessions  
To estimate the number of potential genetic markers among the ten accessions, SNPs and indels 
were extracted from the pairwise alignment with the thresholds of the read depth ≥ 3 (Table IV-
5) or ≥ 10 (Table IV-6). The number of SNPs and indels decreased with the higher threshold, 
depth ≥ 10. The SNP dataset with read depth ≥ 3 might include false positives, but it will provide 
additional markers to some chromosomal regions with no SNP detected with read depth ≥ 10. 
For the downstream analyses of the ten leading Ae. tauschii accessions, the high-confidence 
SNPs and indels with read depth ≥ 10 were used.  
The number of SNPs and indels differed between intra- and inter-lineage comparisons 
(Table IV-6). In the self-alignments, 98–1492 SNPs and 4–20 indels were identified, which 
could be false positive due to paralogs in the same genome. The average number of SNPs and 
indels was 16,778 and 919 within TauL1, and 22,875 and 951 within TauL2, respectively. 
Between TauL1 and TauL2, 37,408 SNPs and 2041 indels were detected on average. Large 
numbers of potential genetic markers were acquired even within each lineage.  
A 3-bp difference between PCR products is distiguishable through 13% non-denaturing 
polyacrylamide gels, and thus indels ≥ 3 bp can be directly converted to co-dominant PCR 
markers. To assess the number of potential indels sutable for designing PCR markers, the 
distribution of the indel length was examined (Figure IV-2). The average number of indels ≥ 3 
bp was 378 within TauL1, 411 within TauL2, and 863 between the two lineages. These indels 
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would be useful for rough mapping.  
To investigate whether transcriptional profiles affected the frequency of SNP and indel 
detection, the correlation between CPM and the number of polymorphisms per transcript was 
calculated (Figure IV-3). The number of polymorphisms did not correlate with CPM, showing 
that the gene expression levels had no clear impact on the frequency of SNP and indel calling.  
 
Anchoring SNPs and indels to scaffolds and chromosomes of Ae. tauschii  
To design genetic markers with the information on the chromosomal location, SNPs and indels 
were mapped to the Ae. tauschii scaffolds and chromosomes (Tables IV-7, 8). On average 68.5% 
of the total SNPs in the pairwise comparisons was mapped to the scaffolds, whereas 17.8% was 
anchored to the chromosomes. No large differences were observed between pairs for the 
percentage of SNPs assigned to the scaffolds (61.0–79.8%) or the chromosomes (10.8–21.9%). 
The number of SNPs mapped to the scaffolds and to the chromosomes was in proportion to the 
total number of SNPs (Tables IV-6, 7). Although a large number of SNPs was assigned to the 
scaffolds, 78.1–89.2% of SNPs was not anchored to the chromosomes. A similar result was 
observed in indels (Tables IV-6, 8). The total length of the scaffolds is 4.23 Gb, while those 
mapped to the chromosomes amount to only 1.72 Gb (Jia et al. 2013). Therefore, the number 
of polymorphisms anchored to the chromosomes was also limited.  
The number of SNPs per chromosome ranged 816.2–1356.8 between the lineages, 312.2–
678.0 within TauL1, and 209.3–413.0 within TauL2, respectively (Table IV-9). Except for 
chromosome 7D, a high coefficient of variation in the number of SNPs (0.66–0.83) was 
observed within TauL1 (Figure IV-4, Table IV-9). In some pairs of accessions, the number of 
SNPs mapped to the six chromosomes was higher within TauL1 than between the lineages. 
Although the average number of SNPs on chromosome 6D was lower compared to the other 
chromosomes, the number of SNPs per transcript showed no clear differences among the seven 
chromosomes. In indels, a similar result was obtained (Figure IV-4, Table IV-10).  
For linkage analysis, a near balanced distribution of SNPs and indels throughout the 
chromosomes is required. For representative pairs of accessions within TauL1, within TauL2, 
and between the two lineages, the distributions of transcripts, SNPs, and indels were visualized 
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(Figure IV-5). The most and least polymorphism-rich pairs in each combination of lineage were 
selected as representatives. Even though the distributions of SNPs were not even, they spread 
across all the chromosomes moderately in each combination of lineages. The distributions of 
indels were more unbalanced, but at least a few indels were anchored to all the chromosomes. 
SNPs and indels were concentrated on the centromeric regions, which might be due to the low 
recombination rate of the pericentromeric regions.  
 
Anchoring SNPs and indels to the barley chromosomes  
To assess the usefulness of the barley physical map (IBSC 2012) in ordering polymorphisms of 
Ae. tauschii based on the conserved synteny, the detected SNPs and indels were mapped to the 
chromosomes of barley (Tables IV-11, 12). On average, 29.1 % of the SNPs and 25.4 % of the 
indels were assigned to the barley chromosomes. The percentage of mapped polymorphisms 
were similar in all the pairs of accessions. Notably, more SNPs and indels were assigned to the 
chromosomes of barley than to those of Ae. tauschii in all pairs (Table IV-7, 8, 11, and 12).  
On average, the number of SNPs per chromosome was 1306.4–1849.0 between the lineages, 
413.4– 929.4 within TauL1, and 481.6–851.5 within TauL2, respectively (Table IV-13). The 
number of indels per chromosome was 67.4–89.9 between the lineages, 18.9–46.0 within TauL1, 
and 22.9–43.7 within TauL2, respectively (Table IV-14). All these numbers were higher than 
those of SNPs and indels mapped to the Ae. tauschii chromosomes. The number of SNPs and 
indels per transcript on each chromosome showed a similar result. Except for chromosome 7H, 
a large coefficient of variation in the number of SNPs (0.62–0.83) and indels (0.55–0.76) was 
observed within TauL1 (Figure IV-6, Tables IV-13, 14).  
To examine whether the mapped polymorphisms distributed evenly, the distributions of 
transcripts, SNPs, and indels were visualized (Figure IV-5). In all pairs of accessions except for 
the most SNP-poor pair between the lineages, PI499262 and KU-2078, SNPs spread across the 
chromosomes excluding the unigene-sparse regions, such as the pericentromeric region on 
chromosome 2H. In the pair between PI499262 and KU-2078, SNPs were mostly confined to 
chromosomes 1H and 7H. Indels were highly scattered, but all chromosomes had a few indels 
in all the pairs.  
 
 
Integration of SNPs and indels assigned to the chromosomes of Ae. tauschii and barley  
If the SNPs and indels mapped to the Ae. tauschii chromosomes differed from those to barley 
chromosomes, combining these SNPs and indels would increase available genetic markers. 
Venn diagrams of mean values of SNPs and indels indicated that few SNPs and indels were 
mapped to both Ae. tauschii and barley chromosomes (Figure IV-7). The majority of SNPs and 
indels was specifically mapped to chromosomes of Ae. tauschii or barley, suggesting that the 
number of potential genetic markers would increase by using both sets of SNPs and indels 
mapped to Ae. tauschii and barley chromosomes.  
 
Conversion of the SNPs into CAPS markers for linkage and association analyses  
To examine whether the obtained SNP dataset is useful for molecular marker development, 14 
markers were designed on four scaffolds around the Iw2 chromosomal region based on in silico 
alignment of the reconstructed transcripts to the scaffolds (Table IV-1). The genotyping results 
of ten markers agreed with the RNA-seq results. However, genotypes of the other four markers 
in several accessions (scaf43829_1, 2, and 7 in PI499262 and KU-2025 and scaf10812_2 in 
KU-2124) disagreed with RNA-seq alleles, indicating that the transcripts might be constructed 
from paralog-derived reads. No specific PCR products were obtained for a few markers in some 
accessions, for which RNA-seq reads were absent at the SNP sites (scaf10812_6 in KU-2093, 
KU-2075, and KU-2078 and scaf10812_8 in the six TauL1 accessions), suggesting that, due to 
some chromosomal rearrangement which had occurred during the intraspecific divergence in 
Ae. tauscii, the genomic sequences from which these markers were derived did not exist in the 
accessions without RNA-seq reads on the sites.  
To confirm whether these markers were exactly mapped to the Iw2 chromosomal region, 
KU-2003/KU-2124 F2 mapping population were genotyped using ten markers which were 
polymorphic between the parental accessions. Seven out of the ten markers were assigned to 
the Iw2 region (Figure IV-9), and the other three markers were mapped to another chromosome. 
The Iw2 locus was mapped within a 0.9-cM interval between the adjacent markers and co-
localized with two markers. The order of the anchored scaffolds corresponded with that in 
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Chapter II. Association analysis between these markers and glaucous phenotypic variation in 
210 Ae. tauschii accessions showed that five out of seven markers were significantly (P < 1E−3) 
associated with the phenotypic difference (Table IV-15). All 20 glaucous accessions showed 
KU-2124-type (glaucous-type) allele at scaf10812_2 and scaf10812_6, and all non-glaucous 
accessions except for one exhibited the KU-2003-type (non-glaucous-type) allele at 
scaf43829_9, indicating that these RNA-seq-derived SNPs were useful for fine map 
construction. Therefore, the SNP dataset would enable more efficient genetic marker 
development, both in specific chromosomal regions and across the entire genome.  
 
Identification of non-redundant SNPs among multiple Ae. tauschii accessions 
To obtain species-wide sequence variation in Ae. tauschii, the remaining 200 accessions were 
RNA-sequenced (Table IV-16). The number of output 100-bp pair-end reads ranged from 0.47 
to 38.9 million among the accessions. After quality control, 0.22–20.2 million reads survived, 
and then high-quality reads were aligned to the unigenes of KU-2087, one of the leading ten 
accessions. The number of all non-redundant SNP sites amount to 9,610 with the criteria of 
minor allele frequency ≥ 0.05 and missing rate < 0.25, but most of SNPs had a few missing 
values. To retain sufficient non-redundant SNPs without missing value, 48 accessions were 
eliminated from the downstream analyses. Unigenes of KU-2087 were mapped to the reference 
genome of Ae. tauschii accession AL8/78 (Luo et al. 2017) and to the D genome of common 
wheat cultivar Chinese Spring, CS (IWGSC’s unpublished data, https://wheat-
urgi.versailles.inra.fr/Seq-Repository/Assemblies), and the alleles of AL8/78 and CS at the 
estimated non-redundant SNP sites were extracted.  
PCA using the non-redundant SNPs without missing values distinguished the Ae. tauschii 
accessions into three groups, hereby designated as TauL1’, TauL2a’, and TauL2b’ (Figure IV-
10, Table IV-16). TauL1’ had high PC1 value and little variance in PC2, and consisted of most 
TauL1 accessions, one TauL2b accession, and one TauL3 accession. TauL2a’ showed low PC1 
and high PC2 values, and were composed of 18 TauL2a, two TauL2b, five TauL2x, and one 
TauL1 accessions. TauL2b’ with low PC1 and PC2 values had 20 TauL2b, 10 TauL2x, one 
TauL2a, and one TauL1 accessions. There were three intermediate accessions between the main 
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three groups, KU-2827 (TauL2a), KU-2109 (TauL2b), and KU-2829A (TauL3). AL8/78 and 
CS were assigned to TauL2a’ and TauL2b’, respectively (Figure IV-10A), and all accessions of 
subspecies strangulata were mapped to TauL2b' (Figure IV-10B). For hybrid incompatibility 
phenotypes with Ldn (Mizuno et al. 2010a), all accessions showing type II and III hybrid 
necrosis in triploid hybrids were included in TauL1’ and the three accessions exhibiting hybrid 
chlorosis in hybrids were in TauL2a’, whereas SGA accessions belonged either to TauL2a’ or 
TauL2b’ (Figure IV-10C). For 16 glaucous accessions, TauL2a’ included eight TauL2a, one 
TauL2b, and one TauL1 accessions, and TauL2b’ contained three TauL2b and one TauL2a 
accessions (Figure IV-10D). The other two glaucous accessions, each belonging to TauL2b and 
TauL2a, were designated as TauL1’ and an intermediate, respectively. Phylogenetic analysis 
showed the same results as PCA analysis (Figure IV-11A); TauL1’ and TauL2’ (TauL2a’ and 
TauL2b’) were clearly separated, and TauL2’ showed larger diversity than TauL1’. In TauL2a’, 
AL8/78 was genealogically close to three TauL2a accessions (IG47173, KU-2835B, and 
IG126991), but closest to a TauL1b accession, IG127015 (Figure IV-11B). In TauL2b’, the D 
genome of CS was closely related to four accessions of subspecies strangulata, KU-2088, KU-
2090, KU-2091, and KU2092. These results suggested that the D-genome progenitor of 
common wheat had been TauL2b’ accessions, consistent with the previous reports (Matsuoka 
et al. 2013; Wang et al. 2013).  
 
Discussion  
 
RNA sequencing as an efficient strategy for SNP detection in Ae. tauschii  
To identify SNPs and obtain new molecular markers in Ae. tauschii, 300-bp pair-end RNA-seq 
analysis of the ten accessions representing the both lineages was conducted on Illumina MiSeq. 
The seedling leaves of these accessions grown under the same condition showed similar 
transcriptional profiles, which resulted in a large number of SNPs and indels identified. On 
average, 78,519 SNPs were detected in interlineage comparisons, four times higher than those 
identified in the previous studies performing RNA-seq of leaves and spikes of two Ae. tauschii 
accessions, one each of TauL1 and TauL2, on 454 Life Science pyrosequencer (Iehisa et al. 
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2012, 2014). Compared to the 454 sequencing, 300-bp pair-end sequencing on Illumina MiSeq 
generates longer and higher-quality reads, and the merged reads have comparable length to 
expressed sequence tags. These differences might have enabled identification of more SNPs, 
even from RNA-seq of leaf tissue only.  
RNA-seq of multiple accessions detected increased number of SNPs, which will be useful 
for linkage analysis of various Ae. tauschii mapping populations. Most intralineage pairs 
possessed fewer SNPs than interlineage pairs (Table IV-6), but the most SNP-poor pair had as 
many SNPs as the pair in the previous report (Iehisa et al. 2014). This result indicates that 
genetic map construction would be possible even in intralineage mapping populations. The 
RNA-seq-derived markers were precisely anchored to the Iw2 chromosomal region (Figure IV-
9), and the resolution of the map was as high as that in Chapter II, which showed that SNP 
dataset derived from RNA-seq increased the efficiency of genetic map construction. Thus, this 
SNP information will accelerate molecular marker development in specific regions on the Ae. 
tauschii genome.  
Compared to the SNPs, the number of indels was much lower. Since indels in exons often 
lead to frame shifts, these mutations are removed from the gene pool under selective pressures, 
which is one of the weak spots RNA-seq for marker development. However, more than ten 
indels were mapped to each chromosome in most pairs of accessions, and distributed across the 
entire chromosomes (Figure IV-5). As PCR-based indel markers are easier to genotype than 
SNP markers, these indels would be useful for the initial rough mapping.  
Except for chromosome 7D, a large variance in the number of SNPs and indels on each 
chromosome was observed in the comparisons of TauL1 accessions (Figure IV-4). Some pairs 
of TauL1 accessions had more SNPs and indels than interlineage pairs, which indicates that 
gene flow has occurred in the six chromosomes between the lineages. On the other hand, the 
number of SNPs on chromosome 7D within TauL1 and within TauL2 was clearly smaller than 
that between the two lineages. The phenotypic differences between the two lineages are well 
observed, such as flowering time, seed productivity, and salt tolerance (Matsuoka et al. 2015; 
Saisho et al. 2016). Moreover, all the six TauL1 accessions used here belong to sublineage 
TauL1b, which expanded its distribution eastward from Transcaucasus to Pakistan and 
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Afghanistan (Matsuoka et al. 2015). The accessions of TauL1b may have some adaptive loci in 
the eastern habitat, which inhibits interlineage gene flow on chromosome 7D and divides the 
two lineages.  
 
Advantages of RNA sequencing in genetic marker development in Triticeae  
Next-generation sequencing strategy has been modified to circumvent the complexity of whole 
genome sequencing and to obtain genetic markers more effectively (Kumar et al. 2012). 
Restriction site-associated DNA sequencing (RAD-seq) employs restriction enzymes to select 
specific fragments for reduced representative library construction (Davey et al. 2011). This 
method has been used as a powerful tool for SNP detection, but the combination of restriction 
enzymes could be crucial for sequence outputs. In addition, especially in the Triticeae species 
with highly repetitive genomes, a large proportion of obtained reads might be aligned to the 
repetitious regions and eliminated from the variation call. RNA-seq, on the other hand, detects 
polymorphisms only on the exons and excludes abundant SNPs in the intergenic region. 
Although SNPs are identified only on the expressed genes, a large number of SNPs were 
detected even in the intralineage comparisons. Moreover, almost all the RNA-seq reads were 
de novo assembled without any information on genome sequences, and the obtained transcripts 
and SNPs on them were aligned on the chromosomes in order based on the conserved synteny 
in the tribe Triticeae. Taken together, RNA-seq is an effective strategy for the molecular marker 
development in Triticeae.  
Twice as many SNPs were mapped to the genome sequence of Ae. tauschii as to that of 
barley (Tables IV-7, 11). However, the number of SNPs anchored to the Ae. tauschii 
chromosomes was slightly lower than to the barley chromosome, which agreed with the 
previous reports (Iehisa et al. 2012, 2014). This result suggests that the genomic information of 
barley is useful for molecular marker development on the target chromosomal regions in Ae. 
tauschii as well as in other wheat relatives since the synteny is well conserved in Triticeae 
(Mayer et al. 2011; Wicker et al. 2011). Thus, the presented method, which combines de novo 
assembly of RNA-seq reads and in silico mapping of the obtained transcripts using the 
conserved synteny, effectively identifies a lot of SNPs for molecular marker development and 
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would be applicable to other wild wheat relatives, at least diploid species including Ae. caudata 
(C genome), Ae. comosa (M genome), and Ae. umbellulata (U genome), without any genomic 
sequence. Recently released Ae. tauschii pseudomolecules (Zimin et al. 2017b; Luo et al. 2017; 
Zhao et al. 2017) will facilitate molecular marker development in these Aegilops species.  
 
Population structure of Ae. tauschii based on intragenic polymorphisms 
To generate species-wide non-redundant SNP dataset, all accessions in the Ae. tauschii core 
collection were RNA-sequenced. To save labor, cost, and time, BrAD-seq method (Townsley 
et al. 2015) was utilized and the 3’ region of cDNA was specifically sequenced in the 200 
accessions. By using de novo assembled transcripts as reference, more than 1,000 non-
redundant SNPs were anchored to each chromosome, which would facilitate high-resolution 
genetic map construction. Therefore, the combination of de novo assembly of RNA-seq reads 
from a few representative accessions and the application of BrAD-seq method in multiple 
accessions enabled genome-wide identification of sequence variations in the natural population 
of Ae. tauschii, and the obtained non-redundant SNP dataset can be applied immediately to 
genome-wide association study (GWAS) combined with the phenotypic dataset of the Ae. 
tauschii core collection (Matsuoka et al. 2008, 2009; Takumi et al. 2009b; Saisho et al. 2016).  
Based on PCA and phylogenic analysis using the non-redundant SNPs, the Ae. tauschii 
accessions were separated into two major lineages, TauL1’ and TauL2’ (Figures IV-10, 11), 
supporting the previous reports (Matsuoka et al. 2013; Wang et al. 2013). Although TauL1’ 
showed little variation, TauL2’ were further divided into two sublineages, TauL2a’ and TauL2b’. 
There were several accessions categorized into different genealogical groups from the previous 
ones (Matsuoka et al. 2013) or as intermediates. The three accessions which show chlorotic 
phenotype in triploid hybrid with Ldn were originally classified into different sublineages in 
TauL2 (Matsuoka et al. 2013), but were in the same group TauL2a’ in the present study (Figure 
IV-10C, Table IV-16). In addition, the only one glaucous TauL1 accession IG127015 (in 
Chapter II) was assigned to TauL2a’ group with other glaucous TauL2a accessions (Figure IV-
10D, Table IV-16). On the other hand, a glaucous TauL2b accession KU-2160 was designated 
as TauL1’. These results indicate the occurrence of interlineage gene flows and provide new 
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information on the intraspecific genealogical relationships in the Ae. tauschii natural population.  
The D genome of a common wheat cultivar CS, which have been used to construct 
reference genome in several projects (IWGSC 2014; Clavijo et al. 2017; Zimin et al. 2017a), 
was related to the Ae. tauschii accessions of TauL2b’ more closely than TauL1’ and TauL2a’, 
consistent with the previous report (Matsuoka et al. 2013; Wang et al. 2013) using genome-
wide marker systems including the intergenic regions. In these two reports, however, the wheat 
D genome was distinguished from that of TauL2b’ accessions. Based on the genealogical 
analyses in this study using the intragenic SNPs, the D genome of CS was located in the middle 
of the TauL2b’ group (Figure IV-11). This result indicates that the D-genome progenitor of 
common wheat has been exactly TauL2b’ accessions, and intergenic mutations have been 
accumulated in the D genomes of Ae. tauschii and common wheat independently during and 
after the common wheat speciation.   
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Figure IV-1. RNA sequencing workflow for the ten leading Ae. tauschii accessions. 
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Figure IV-2. Histrograms of indel length. The average number
of indels of each length (bp) are shown for the pairs between
the lineages, within the TauL1 and within the TauL2.
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Figure IV-3. Correlation between CPM and the number of SNPs/indels. 
Transcripts with CPM value less than 5,000 are represented.
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Figure IV-4. Jitter plots of the number of SNPs and indels anchored
to the chromosomes of Ae. tauschii within TauL1, between TauL1 and
TauL2 and within TauL2.
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Figure IV-5. Mapping of SNPs and indels identified in pairwise comparison of Ae. tauschii
accessions to the Ae. tauschii genetic map (A to C, scale in cM) and the barley physical map
(D to F, scale in Mb). From outer to inner, three circles of the same color indicate the numbers
of transcripts, SNPs, and indels. The red and green circles show the accession pairs with most
and least polymorphisms. (A) TauL1 read aligned to TauL1 transcript; KU-2087 to PI499262
and AT76 to KU-2003, (B) TauL2 to TauL2; KU-2093 to KU-2124 and KU-2078 to KU-2075,
(C) TauL1 to TauL2; KU-2087 to KU-2078 and KU-2025 to KU-2093, (D) TauL1 to TauL1;
KU-2087 to PI499262 and AT76 to KU-2627, (E) TauL2 to TauL2; KU-2075 to KU-2124 and
KU-2078 to KU-2075, and (F) TauL1 to TauL2; KU-2075 to AT76 and PI499262 to KU-2078.
Putative centromeric locations are indicated by arrowheads on each chromosome, except for
1H which was analyzed by whole-chromosome sequencing (IBSC 2012).
  
   
Figure IV-6. Jitter plots of the number of SNPs and indels
anchored to the chromosomes of H. vulgare within TauL1, 
between TauL1 and TauL2 and within TauL2.
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Figure IV-7. Venn diagrams of SNPs and indels anchored to
Ae. tauschii and barley chromosomes. The number shows
mean values of polymorphisms between all pairs of the ten
Ae. tauschii accessions.
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Figure IV-8. Validation of the SNPs identified in the 10
Ae.tauschii accessions. As each cell is divided diagonally,
the upper right shows the allelic type detected in RNA-
seq and the lower left shows the genotyping result of the
marker. Black and white represent two alleles and gray
represents n.d.
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Figure IV-9. Comparison of linkage maps of the Iw2 region.
(A) The genetic map of KU-2154/KU-2126 F2 population
in Chapter II. (B) the Ae. tauschii scaffolds which had been
anchored to the chromosomal region in the previous study.
The positions of genes on them and markers on the two
maps are indicated. (C) The linkage map constructed using
newly developed markers in this study.
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Figure IV-10. PCA plot of multiple Ae. tauschii acessions based
on the non-redundant SNPs. Accessions were separated into
three groups, TauL1’ with high PC1 value, TauL2a’ with low
PC1 and high PC2 values, and TauL2b’ with low PC1 and PC2
values. Accessions were colored (A) according to the original
lineages or sublineages (Matsuoka et al. 2013), (B) by
taxonomic classification, subspecies tauschii or strangulata, (C)
by hybrid incompatibility phenotypes in triploid with Ldn, and
(D) by glaucous phenotype. Two w4 accessions indicate KU-
2104 and KU-2105 mentioned in Chapter II.
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Figure IV-10 (Continued)
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Figure IV-10 (Continued)
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Figure IV-11. Phylogenetic trees of
multiple Ae. tauschii accessions based
on the non-redundant SNPs. (A) The
entire tree showing TauL1’, TauL2a’,
and TauL2b’. CS and AL8/78 are
indicated by * and **, respectively.
(B) The tree of TauL2’. The values in
red color are bootstrap probability.
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Table IV-1. Primers developed for the genotyping of KU-2154/KU-2126 F2 individuals.  
Marker name Primer sequences 
Restriction 
enzyme 
Annealing 
temp. (°C) 
scaf43829_3 
TTTCCCAGGGTATGTCATTCCAAAA 
TaqI 56 
TACCAGCCATCTCCACGGATC 
scaf43829_9 
TCGGGGGAGTCCTTCTTGAA 
BciT130I 58 
GGCCCATCTATGCCTCACTC 
scaf43829_8 
GCTATTGATGGCTGGGCAGA 
AluI 58 
CCTCTGAAAGGTCCTGCTGG 
scaf43829_4 
TGGGTTACCTTTCTTCCGACC 
EcoT22I 58 
GAGACCCCAAAGGCCAAGAA 
scaf43829_7 
AGAGAGAGAGAGAGAGCAAGGT 
MboI 58 
AGCATGCAGTCAAATCTTTGAT 
scaf43829_2 
AGGTCACCGGAAGTAAACTGA 
Hpy188I 58 
TCAGCATTGCTCCTCCATGT 
scaf43829_1 
GTTGCTCTCTGAACCTGCGA 
TaqI 58 
AGTAGTCGCTTGTTGGAATCTCT 
scaf10812_6 
AGTGAATTGTTAGTCCATAGGGGG 
HaeIII 58 
AATCGGTTGTGCAACGACAC 
scaf10812_2 
GCGTCGACATCCTCATCCTC 
MspI 58 
TCAAGCCGTACTGCTGAACA 
scaf10812_8 
CAAGTGCAGCAACATCACCC 
HinfI 58 
TCACAAGCCTTCAAGAGACAT 
scaf82981_4 
CAGCCTGAATCAATGGACAACC 
MspI 58 
ACTGTAAGCAAAGCACTAGCAG 
scaf82981_1 
CAGGGCTTCTCCGCAGGC 
HaeIII 58 
GTGCTGTTGATGTGCATGCA 
scaf9655_2 
GACTCGGACTGGCACAACAA 
HhaI 56 
AAGATGATCCACAGCGGCTC 
scaf9655_1 
CCGTTATGTCCACTGGGTGA 
HindIII 58 
AGGTTCACTTGTCGCCACAA 
  
   
Table IV-2. RNA sequencing summary for 10 leading Ae. tauschii accessions.  
Accession 
Read 
pairs 
Filtered  
read pairs 
(%a) 
Merged 
 Reads 
(%b) 
Transcripts 
N50 
(bp) 
Mean 
length   
 (bp) 
Total 
 
assembled  
bases 
(Mbp) 
AT76 4846372 
3009548  
 (62.1) 
2642483 
 (87.8) 
45723 1508 1050.78 48 
PI499262 5258955 
3270860 
(62.2) 
2845353 
(90.0) 
55848 1450 1000.4 55.9 
KU-2627 5228113 
3502211  
(70.0) 
3307536 
(94.4) 
60547 1519 1027.99 62.2 
KU-2025 5783813 
3758221 
 (65.0) 
3376960 
(89.9) 
33680 1412 1002.02 33.7 
KU-2087 5694761 
3865713 
 (67.9) 
3645223 
(94.3) 
65827 1468 997.54 65.7 
KU-2003 5251754 
3292058 
 (62.3) 
2827628 
(85.9) 
55813 1495 1034.57 57.7 
KU-2078 4823768 
3197870 
 (66.3) 
2978478 
(93.1) 
60884 1369 955.93 58.2 
KU-2124 5647690 
3525391 
 (62.4) 
3079747 
(87.4) 
60479 1484 1025.36 62 
KU-2075 5382186 
3593874 
 (66.8) 
3395095 
(94.5) 
65447 1419 979.9 64.1 
KU-2093 4763858 
3110123  
(65.3) 
2905007 
(93.4) 
53474 1462 1018.24 54.4 
aPercentage of filtered read pairs in read pairs.  
bPercentage of merged reads in filtered read pairs.  
  
   	
Table IV-3. Summary of unigenes of the ten leading Ae. tauschii accessions.  
 
 
Total 
unigenes 
Mapped 
to  
Ae. 
tauschii  
genome 
(%a) 
Mapped to  
H. vulgare  
genome 
(%) 
Overlaps  
between  
Ae. 
tauschii  
and  
H. vulgare 
(%) 
Only 
mapped 
to  
Ae. 
tauschii 
genome 
(%) 
Only 
mapped 
to  
H. 
vulgare 
genome 
(%)  
Total 
mapped 
unigenes 
(%) 
AT76 
38090 28697 
(75.3) 
13439 
(35.3) 
11618 
(30.5) 
17079  
(44.8) 
1821  
(4.8) 
30518 
(80.1) 
PI499262 
47098 35216 
(74.8) 
15663 
(33.3) 
13562 
(28.8) 
21654 
 (46.0) 
2071  
(4.4) 
37287 
(79.2) 
KU-2627 
49803 35632 
(71.5) 
16224 
(32.6) 
13756 
(27.6) 
21876 
 (43.9) 
2468  
(5.0) 
38100 
(76.5) 
KU-2025 
29386 23430 
(79.7) 
11477 
(39.1) 
10099 
(34.4) 
13331 
 (45.4) 
1378  
(4.7) 
24808 
(84.4) 
KU-2087 
54913 36092 
(65.7) 
16363 
(29.8) 
13899 
(25.3) 
22193 
 (40.4) 
2464  
(4.5) 
38556 
(70.2) 
KU-2003 
46621 33442 
(71.7) 
15544 
(33.3) 
13197 
(28.3) 
20245  
(43.4) 
2347 
 (5.0) 
35789 
(76.8) 
KU-2078 
52720 35631 
(67.6) 
15899 
(30.2) 
13836 
(26.2) 
21795  
(41.3) 
2063 
 (3.9) 
37694 
(71.5) 
KU-2124 
50215 37184 
(74.0) 
15997 
(31.9) 
14050 
(28.0) 
23134  
(46.1) 
1947 
 (3.9) 
39131 
(77.9) 
KU-2075 
55268 38381 
(69.4) 
17070 
(30.9) 
14837 
(26.8) 
23544  
(42.6) 
2233  
(4.0) 
40614 
(73.5) 
KU-2093 
45490 34557 
(76.0) 
15517 
(34.1) 
13396 
(29.4) 
21161  
(46.5) 
2121 
 (4.7) 
36678 
(80.6) 
aPercentage of mapped unigenes per total unigenes. 
  
   

Table IV-4. Correlation coefficient (r) matrix for the ten leading Ae. tauschii read 
mapped to each transcript model 
 AT76 PI 499262 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
Transcript model: AT76 
PI499262 0.398         
KU-2627 0.804 0.652        
KU-2025 0.491 0.907 0.613       
KU-2087 0.456 0.983 0.750 0.883      
KU-2003 0.690 0.749 0.925 0.664 0.829     
KU-2078 0.709 0.824 0.918 0.734 0.886 0.932    
KU-2124 0.788 0.691 0.949 0.628 0.774 0.973 0.942   
KU-2075 0.695 0.679 0.926 0.595 0.780 0.925 0.958 0.946  
KU-2093 0.793 0.555 0.889 0.517 0.648 0.837 0.901 0.906 0.942 
Transcript model: KU-2003 
PI499262 0.430         
KU-2627 0.760 0.680        
KU-2025 0.501 0.961 0.655       
KU-2087 0.490 0.982 0.782 0.935      
KU-2003 0.649 0.763 0.918 0.715 0.845     
KU-2078 0.658 0.857 0.903 0.809 0.919 0.919    
KU-2124 0.746 0.720 0.940 0.686 0.805 0.971 0.931   
KU-2075 0.648 0.695 0.913 0.640 0.799 0.912 0.950 0.936  
KU-2093 0.739 0.578 0.862 0.552 0.675 0.811 0.886 0.882 0.936 
Transcript model: KU-2025 
PI499262 0.374         
KU-2627 0.806 0.639        
KU-2025 0.483 0.906 0.614       
KU-2087 0.425 0.982 0.737 0.881      
KU-2003 0.693 0.741 0.936 0.667 0.825     
KU-2078 0.713 0.810 0.923 0.732 0.874 0.942    
KU-2124 0.794 0.677 0.958 0.630 0.762 0.974 0.948   
KU-2075 0.690 0.668 0.929 0.594 0.772 0.936 0.959 0.950  
KU-2093 0.800 0.545 0.899 0.523 0.638 0.852 0.908 0.917 0.942 
Transcript model: KU-2075 
PI499262 0.385         
KU-2627 0.784 
0.477 
0.649        
KU-2025 0.969 0.654       
KU-2087 0.444 0.980 0.754 0.943      
KU-2003 0.681 0.750 0.929 0.730 0.836     
KU-2078 0.697 0.823 0.914 0.806 0.889 0.933    
KU-2124 0.779 0.687 0.949 0.686 0.776 0.972 0.939   
KU-2075 0.677 0.671 0.921 0.645 0.780 0.924 0.954 0.942  
KU-2093 0.781 0.550 0.881 0.556 0.650 0.834 0.901 0.900 0.939 
Transcript model: KU-2078 
PI499262 0.348         
KU-2627 0.802 0.631        
KU-2025 0.485 0.984 0.682       
KU-2087 0.405 0.980 0.734 0.959      
KU-2003 0.684 0.735 0.924 0.757 0.821     
KU-2078 0.706 0.810 0.919 0.837 0.876 0.929    
KU-2124 0.786 0.672 0.950 0.718 0.759 0.972 0.939   
KU-2075 0.684 0.666 0.923 0.681 0.774 0.922 0.956 0.941  
KU-2093 0.797 0.540 0.894 0.593 0.638 0.839 0.905 0.906 0.940 
All correlations are statistically significant (P < 0.001).   
   
Table IV-4 (Continued) 
 AT76 PI 499262 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
Transcript model: KU-2087 
PI499262 0.486         
KU-2627 0.747 0.702        
KU-2025 0.555 0.908 0.625       
KU-2087 0.541 0.982 0.802 0.881      
KU-2003 0.651 0.794 0.927 0.677 0.874     
KU-2078 0.645 0.872 0.901 0.747 0.931 0.935    
KU-2124 0.742 0.751 0.942 0.649 0.834 0.972 0.939   
KU-2075 0.640 0.704 0.914 0.587 0.807 0.923 0.949 0.943  
KU-2093 0.718 0.600 0.862 0.520 0.697 0.825 0.884 0.888 0.939 
Transcript model: KU-2093 
PI499262 0.390         
KU-2627 0.782 0.660        
KU-2025 0.483 0.969 0.664       
KU-2087 0.450 0.982 0.761 0.945      
KU-2003 0.675 0.759 0.927 0.739 0.841     
KU-2078 0.686 0.835 0.911 0.816 0.898 0.930    
KU-2124 0.765 0.705 0.945 0.700 0.790 0.974 0.937   
KU-2075 0.667 0.683 0.916 0.656 0.787 0.921 0.952 0.940  
KU-2093 0.772 0.556 0.874 0.561 0.653 0.826 0.893 0.891 0.935 
Transcript model: KU-2124 
PI499262 0.458         
KU-2627 0.738 0.694        
KU-2025 0.523 0.961 0.662       
KU-2087 0.516 0.982 0.797 0.934      
KU-2003 0.638 0.787 0.916 0.735 0.868     
KU-2078 0.635 0.869 0.896 0.814 0.930 0.924    
KU-2124 0.736 0.744 0.936 0.705 0.829 0.969 0.932   
KU-2075 0.631 0.700 0.908 0.641 0.805 0.908 0.949 0.935  
KU-2093 0.705 0.592 0.849 0.557 0.690 0.808 0.880 0.879 0.937 
Transcript model: KU-2627 
PI499262 0.438         
KU-2627 0.739 0.685        
KU-2025 0.506 0.986 0.679       
KU-2087 0.500 0.981 0.790 0.961      
KU-2003 0.629 0.774 0.910 0.749 0.856     
KU-2078 0.634 0.871 0.894 0.849 0.931 0.916    
KU-2124 0.727 0.733 0.931 0.721 0.818 0.971 0.925   
KU-2075 0.635 0.703 0.910 0.672 0.807 0.910 0.948 0.934  
KU-2093 0.715 0.588 0.852 0.578 0.687 0.802 0.879 0.872 0.934 
Transcript model: PI499262 
PI499262 0.391         
KU-2627 0.737 0.639        
KU-2025 0.491 0.984 0.634       
KU-2087 0.469 0.971 0.776 0.944      
KU-2003 0.604 0.729 0.910 0.701 0.840     
KU-2078 0.608 0.820 0.903 0.795 0.911 0.907    
KU-2124 0.708 0.687 0.937 0.678 0.803 0.968 0.920   
KU-2075 0.598 0.643 0.917 0.603 0.786 0.901 0.949 0.925  
KU-2093 0.696 0.537 0.863 0.530 0.670 0.794 0.885 0.867 0.932 
PI499262 0.391         
All correlations are statistically significant (P < 0.001).   
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Table IV-5. The number of SNPs and indels identified in each transcript-read pairing of 
the ten leading Ae. tauschii accessions (depth > 3). 
   
Read 
TauL1 TauL2 
 
AT76 PI 499262 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
KU- 
2093 
Tr
an
sc
rip
t m
od
el
 T
au
L1
 
AT76 975 53830 18741 37968 21146 17680 81478 87905 86560 83215 SNP 
65 4163 1498 2753 1604 1453 6037 6694 6498 5888 indel 
PI 
499262 
54162 1140 66665 34656 68769 63112 40089 62104 54151 53136 SNP 
3887 76 5143 2466 5302 4868 3064 4606 4043 3812 indel 
KU- 
2627 
17331 59628 1466 38657 24752 18899 96793 100283 102283 95584 SNP 
1182 4552 97 2656 1832 1378 7035 7358 7476 6736 indel 
KU- 
2025 
45714 38697 50395 459 51966 46859 45241 53553 47903 44893 SNP 
3315 2877 3767 19 3776 3472 3324 3947 3424 3207 indel 
KU- 
2087 
18049 59889 23576 39852 1389 19933 95930 100690 100656 95609 SNP 
1349 4775 1761 2828 76 1557 7298 7555 7555 6771 indel 
KU- 
2003 
17058 50391 19501 37950 23606 1119 93725 96073 98839 93126 SNP 
1229 4013 1488 2706 1763 83 6949 7223 7409 6656 indel 
Ta
uL
2 
KU- 
2078 
76835 35649 101658 37171 101877 93526 1547 44374 30862 32971 SNP 
5457 2720 7585 2580 7641 6921 84 3376 2371 2459 indel 
KU- 
2124 
76580 54836 104186 41562 102081 95473 43223 1512 44984 41932 SNP 
5661 4175 7796 2944 7676 7185 3312 84 3422 3135 indel 
KU- 
2075 
78168 46221 103975 37646 101081 90543 29441 44070 1587 32474 SNP 
5656 3584 7799 2518 7626 6864 2256 3369 92 2369 indel 
KU- 
2093 
77283 49444 101302 37147 101784 93229 32564 44111 35012 1206 SNP 
5412 3680 7329 2496 7279 6741 2345 3296 2608 73 indel 
  
   
Table IV-6. The number of SNPs and indels identified in each transcript-read pairing of 
the ten leading Ae. tauschii accessions (depth > 10) 
   
Read 
TauL1 TauL2 
 
AT76 PI 499262 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
KU- 
2093 
Tr
an
sc
rip
t m
od
el
 T
au
L1
 
AT76 
168 24464 8316 13833 9587 7557 42153 45080 46808 42747 SNP 
13 1368 472 708 555 460 2416 2533 2599 2240 indel 
PI 
499262 
21329 197 32872 12153 34614 28832 19012 30089 26789 25091 SNP 
1134 8 1745 645 1934 1604 1085 1623 1426 1321 indel 
KU- 
2627 
5931 25121 302 13784 10401 7309 45772 47993 50528 45253 SNP 
292 1376 11 694 559 379 2616 2591 2806 2349 indel 
KU- 
2025 
20568 19143 29150 98 30951 25330 24902 30063 27436 24284 SNP 
1134 1095 1639 5 1719 1398 1381 1668 1422 1266 indel 
KU- 
2087 
6346 25201 9809 14329 266 7694 45567 47877 49400 45017 SNP 
351 1483 500 721 4 420 2642 2687 2765 2325 indel 
KU- 
2003 
6015 20896 8399 13633 10075 252 45566 45534 49792 44860 SNP 
321 1222 409 691 548 10 2610 2586 2763 2328 indel 
Ta
uL
2 
KU- 
2078 
31924 15026 50912 13480 52313 44929 361 20051 13708 13695 SNP 
1720 825 2671 685 2891 2438 15 1179 760 769 indel 
KU- 
2124 
78154 55971 103752 42438 103756 97379 43454 1492 45698 42744 SNP 
1742 1315 2837 807 2879 2489 1125 20 1238 1042 indel 
KU- 
2075 
31982 19685 51144 13617 50412 42150 12457 19518 377 13717 SNP 
1689 1096 2724 645 2766 2320 707 1119 14 733 indel 
KU- 
2093 
31684 21461 50642 13019 52124 44159 13723 20082 15656 349 SNP 
1732 1192 2667 667 2793 2327 784 1115 842 14 indel 
  
  
Table IV-7. The number of SNPs mapped to the draft genome or the chromosomes of 
Ae. tauschii out of the SNPs detected in each transcript-read pairing of the ten leading 
Ae. tauschii accessions.  
   
Read 
TauL1 TauL2 
Mapped 
to AT76 PI 499262 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
KU- 
2093 
Tr
an
sc
rip
t m
od
el
 
Ta
uL
1 
AT76 
92 
  
18038 
(73.7)  
5737 
(69.0)  
9752 
(70.5)  
6539 
(68.2)  
5266 
(69.7)  
30950 
(73.4)  
33317 
(73.9)  
34510 
(73.7)  
31281 
(73.2)  Genome 
20  
  
5081 
(20.8)  
1295 
(15.6)  
2653 
(19.2)  
1509 
(15.7)  
1168 
(15.5)  
8501 
(20.2)  
8949 
(19.9)  
9337 
(19.9)  
8238 
(19.3)  Chr. 
PI 
499262 
16213 
(76.0)  
99 
  
25445 
(77.4)  
8717 
(71.7)  
26677 
(77.1)  
22525 
(78.1)  
13114 
(69.0)  
21414 
(71.2)  
19050 
(71.1)  
17603 
(70.2)  Genome 
4333 
(20.3)  
19  
  
6813 
(20.7)  
2186 
(18.0)  
7246 
(20.9)  
6121 
(21.2)  
3251 
(17.1)  
4917 
(16.3)  
4380 
(16.3)  
4152 
(16.5)  Chr. 
KU- 
2627 
3689 
(62.2)  
18304 
(72.9)  
123 
  
9644 
(70.0)  
6519 
(62.7)  
4859 
(66.5)  
32454 
(70.9)  
33945 
(70.7)  
35754 
(70.8)  
31748 
(70.2)  Genome 
954 
(16.1)  
5166 
(20.6)  
26 
  
2848 
(20.7)  
1589 
(15.3)  
1090 
(14.9)  
8502 
(18.6)  
8896 
(18.5)  
9552 
(18.9)  
8256 
(18.2)  Chr. 
KU- 
2025 
16194 
(78.7)  
14706 
(76.8)  
22959 
(78.8)  
51 
  
24248 
(78.3)  
20201 
(79.8)  
18652 
(74.9)  
22460 
(74.7)  
20519 
(74.8)  
18123 
(74.6)  Genome 
4345 
(21.1)  
3673 
(19.2)  
6347 
(21.8)  
4 
  
6590 
(21.3)  
5555 
(21.9)  
4697 
(18.9)  
5113 
(17.0)  
4924 
(17.9)  
4386 
(18.1)  Chr. 
KU- 
2087 
4065 
(64.1)  
18414 
(73.1)  
6743 
(68.7)  
10026 
(70.0)  
162 
  
5245 
(68.2)  
32657 
(71.7)  
34034 
(71.1)  
35543 
(71.9)  
32151 
(71.4)  Genome 
823 
(13.0)  
5156 
(20.5)  
1398 
(14.3)  
2705 
(18.9)  
35 
  
1144 
(14.9)  
8816 
(19.3)  
9021 
(18.8)  
9548 
(19.3)  
8401 
(18.7)  Chr. 
KU- 
2003 
3911 
(65.0)  
15211 
(72.8)  
5512 
(65.6)  
9664 
(70.9)  
6142 
(61.0)  
128 
  
32339 
(71.0)  
32215 
(70.7)  
35381 
(71.1)  
31713 
(70.7)  Genome 
727 
(12.1)  
4099 
(19.6)  
1170 
(13.9)  
2601 
(19.1)  
1316 
(13.1)  
18 
  
8581 
(18.8)  
8414 
(18.5)  
9655 
(19.4)  
8335 
(18.6)  Chr. 
Ta
uL
2 
KU- 
2078 
23977 
(75.1)  
11430 
(76.1)  
39109 
(76.8)  
9868 
(73.2)  
40000 
(76.5)  
34827 
(77.5)  
190 
  
13954 
(69.6)  
9774 
(71.3)  
9785 
(71.4)  Genome 
6563 
(20.6)  
2963 
(19.7)  
10525 
(20.7)  
2601 
(19.3)  
10769 
(20.6)  
9419 
(21.0)  
46 
  
2644 
(13.2)  
1673 
(12.2)  
1867 
(13.6)  Chr. 
KU- 
2124 
24152 
(77.2)  
17904 
(76.4)  
40666 
(78.6)  
11533 
(76.1)  
40148 
(77.6)  
34639 
(78.8)  
14150 
(75.0)  
160 
  
15715 
(75.0)  
13853 
(74.7)  Genome 
6275 
(20.1)  
4202 
(17.9)  
10381 
(20.1)  
2661 
(17.6)  
10396 
(20.1)  
9017 
(20.5)  
2495 
(13.2)  
20 
  
2857 
(13.6)  
2525 
(13.6)  Chr. 
KU- 
2075 
24038 
(75.2)  
14415 
(73.2)  
39009 
(76.3)  
10043 
(73.8)  
38176 
(75.7)  
32300 
(76.6)  
8474 
(68.0)  
13363 
(68.5)  
185 
  
9275 
(67.6)  Genome 
6341 
(19.8)  
3330 
(16.9)  
10312 
(20.2)  
2456 
(18.0)  
10384 
(20.6)  
8688 
(20.6)  
1349 
(10.8)  
2405 
(12.3)  
26 
  
1642 
(12.0)  Chr. 
KU- 
2093 
24338 
(76.8)  
16116 
(75.1)  
39131 
(77.3)  
9660 
(74.2)  
40055 
(76.8)  
34545 
(78.2)  
9904 
(72.2)  
14177 
(70.6)  
11252 
(71.9)  
147 
  Genome 
6381 
(20.1)  
3858 
(18.0)  
10136 
(20.0)  
2324 
(17.9)  
10413 
(20.0)  
9111 
(20.6)  
1753 
(12.8)  
2545 
(12.7)  
1898 
(12.1)  
37 
  Chr. 
The number in parenthesis indicates the ratio of the mapped SNPs to all SNPs in Table 
IV-6.   
  
Table IV-8. The number of indels mapped to the draft genome or the chromosomes of 
Ae. tauschii out of the indels identified in each transcript-read pairing of the ten leading 
Ae. tauschii accessions.  
 
  Read 
TauL1 TauL2 Mapped 
to AT76 PI 499262 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
KU- 
2093 
Tr
an
sc
rip
t m
od
el
 
Ta
uL
1 
AT76 
9 
 
963 
(70.4)  
324 
(68.6)  
490 
(69.2)  
370 
(66.7)  
324 
(70.4)  
1664 
(68.9)  
1810 
(71.5)  
1836 
(70.6)  
1567 
(70.0)  Genome 
4 
 
253 
(18.5)  
62 
(13.1)  
124 
(17.5)  
82 
(14.8)  
75 
(16.3)  
441 
(18.3)  
448 
(17.7)  
439 
(16.9)  
388 
(17.3)  Chr. 
PI 
499262 
868 
(76.5)  
6 
  
1321 
(75.7)  
447 
(69.3)  
1459 
(75.4)  
1236 
(77.1)  
688 
(63.4)  
1110 
(68.4)  
941 
(66.0)  
890 
(67.4)  Genome 
232 
(20.5)  
0 
 
331 
(19.0)  
107 
(16.6)  
378 
(19.5)  
315 
(19.6)  
188 
(17.3)  
238 
(14.7)  
207 
(14.5)  
220 
(16.7)  Chr. 
KU- 
2627 
193 
(66.1)  
941 
(68.4)  
7 
 
456 
(65.7)  
339 
(60.6)  
262 
(69.1)  
1716 
(65.6)  
1748 
(67.5)  
1851 
(66.0)  
1546 
(65.8)  Genome 
45 
(15.4)  
236 
(17.2)  
0 
 
130 
(18.7)  
89 
(15.9)  
66 
(17.4)  
437 
(16.7)  
403 
(15.6)  
435 
(15.5)  
390 
(16.6)  Chr. 
KU- 
2025 
869 
(76.6)  
827 
(75.5)  
1276 
(77.9)  
3 
 
1329 
(77.3)  
1095 
(78.3)  
960 
(69.5)  
1146 
(68.7)  
1022 
(71.9)  
883 
(69.7)  Genome 
233 
(20.5)  
179 
(16.3)  
324 
(19.8)  
0 
 
337 
(19.6)  
286 
(20.5)  
239 
(17.3)  
235 
(14.1)  
246 
(17.3)  
205 
(16.2)  Chr. 
KU- 
2087 
224 
(63.8)  
1025 
(69.1)  
328 
(65.6)  
476 
(66.0)  
1 
 
291 
(69.3)  
1759 
(66.6)  
1797 
(66.9)  
1848 
(66.8)  
1549 
(66.6)  Genome 
46 
(13.1)  
273 
(18.4)  
60 
(12.0)  
135 
(18.7)  
0 
 
58 
(13.8)  
485 
(18.4)  
429 
(16.0)  
463 
(16.7)  
390 
(16.8)  Chr. 
KU- 
2003 
205 
(63.9)  
860 
(70.4)  
272 
(66.5)  
481 
(69.6)  
334 
(60.9)  
4 
 
1731 
(66.3)  
1760 
(68.1)  
1832 
(66.3)  
1536 
(66.0)  Genome 
40 
(12.5)  
213 
(17.4)  
63 
(15.4)  
119 
(17.2)  
86 
(15.7)  
0 
 
436 
(16.7)  
407 
(15.7)  
453 
(16.4)  
366 
(15.7)  Chr. 
Ta
uL
2 
KU- 
2078 
1276 
(74.2)  
616 
(74.7)  
1980 
(74.1)  
513 
(74.9)  
2144 
(74.2)  
1838 
(75.4)  
7 
 
788 
(66.8)  
510 
(67.1)  
515 
(67.0)  Genome 
338 
(19.7)  
158 
(19.2)  
500 
(18.7)  
121 
(17.7)  
547 
(18.9)  
469 
(19.2)  
1 
 
144 
(12.2)  
100 
(13.2)  
103 
(13.4)  Chr. 
KU- 
2124 
1304 
(74.9)  
967 
(73.5)  
2153 
(75.9)  
603 
(74.7)  
2149 
(74.6)  
1903 
(76.5)  
785 
(69.8)  
10 
 
873 
(70.5)  
723 
(69.4)  Genome 
321 
(18.4)  
207 
(15.7)  
492 
(17.3)  
134 
(16.6)  
522 
(18.1)  
461 
(18.5)  
145 
(12.9)  
1 
 
136 
(11.0)  
150 
(14.4)  Chr. 
KU- 
2075 
1276 
(75.5)  
800 
(73.0)  
2037 
(74.8)  
491 
(76.1)  
2089 
(75.5)  
1761 
(75.9)  
466 
(65.9)  
758 
(67.7)  
9 
 
485 
(66.2)  Genome 
320 
(18.9)  
180 
(16.4)  
497 
(18.2)  
121 
(18.8)  
523 
(18.9)  
424 
(18.3)  
94 
(13.3)  
123 
(11.0)  
2 
 
88 
(12.0)  Chr. 
KU- 
2093 
1331 
(76.8)  
886 
(74.3)  
2022 
(75.8)  
508 
(76.2)  
2134 
(76.4)  
1809 
(77.7)  
547 
(69.8)  
793 
(71.1)  
568 
(67.5)  
1 
 Genome 
339 
(19.6)  
209 
(17.5)  
509 
(19.1)  
123 
(18.4)  
540 
(19.3)  
449 
(19.3)  
93 
(11.9)  
146 
(13.1)  
95 
(11.3)  
0 
 Chr. 
The number in parenthesis indicates the ratio of the mapped indels to all indels in Table 
IV-6.   
  
Table IV-9. Summary of the number of SNPs mapped to each chromosome of Ae. 
tauschii.  
  1D 2D 3D 4D 5D 6D 7D 
Average number of SNPs        
 Within TauL1 312.2 678.0 617.3 554.8 489.9 331.7 272.8 
 Between TauL1 and TauL2 995.1 1149.4 981.4 914.0 1002.2 816.2 1356.8 
 Within TauL2 269.9 413.0 277.9 276.3 357.9 209.3 333.4 
CVa of the number of SNPs 
 Within TauL1 0.78 0.69 0.74 0.80 0.66 0.83 0.42 
 Between TauL1 and TauL2 0.32 0.45 0.52 0.53 0.41 0.38 0.23 
 Within TauL2 0.33 0.31 0.28 0.24 0.30 0.25 0.19 
Maximum number of SNPs 
 Within TauL1 996 1672 1440 1372 1181 927 500 
 Between TauL1 and TauL2 1538 1891 1614 1490 1560 1208 1885 
 Within TauL2 485 573 393 395 501 294 448 
Minimum number of SNPs 
 Within TauL1 68 115 84 63 116 41 112 
 Between TauL1 and TauL2 253 223 77 87 278 71 612 
 Within TauL2 147 243 142 161 213 133 217 
Average of the number of SNPs per transcript 
 Within TauL1 0.20 0.33 0.34 0.34 0.24 0.22 0.14 
 Between TauL1 and TauL2 0.55 0.50 0.48 0.49 0.45 0.53 0.62 
 Within TauL2 0.14 0.17 0.13 0.14 0.15 0.13 0.14 
CV of the number of SNPs per transcript 
 Within TauL1 0.95 0.74 0.80 0.87 0.69 0.80 0.53 
 Between TauL1 and TauL2 0.37 0.30 0.44 0.50 0.52 0.39 0.40 
 Within TauL2 0.22 0.32 0.31 0.29 0.27 0.29 0.24 
aCoefficient of variation. 
  
  
Table IV-10. Summary of the number of indels mapped to each chromosome of Ae. 
tauschii.  
  1D 2D 3D 4D 5D 6D 7D 
Average number of indels        
 Within TauL1 16.1 32.9 34.3 28.8 22.1 18.1 13.6 
 Between TauL1 and TauL2 48.4 56.8 50.6 45.3 51.3 38.6 65.0 
 Within TauL2 12.2 23.1 17.1 16.5 24.3 8.8 16.1 
CVa of the number of indels 
 Within TauL1 0.69 0.72 0.77 0.75 0.74 0.78 0.52 
 Between TauL1 and TauL2 0.35 0.44 0.49 0.52 0.45 0.42 0.24 
 Within TauL2 0.41 0.32 0.38 0.27 0.42 0.23 0.25 
Maximum number of indels 
 Within TauL1 51 87 81 66 67 49 33 
 Between TauL1 and TauL2 76 95 84 81 93 66 105 
 Within TauL2 21 37 28 24 41 13 27 
Minimum number of indels 
 Within TauL1 4 3 3 3 2 5 2 
 Between TauL1 and TauL2 9 12 3 2 13 3 27 
 Within TauL2 4 8 8 9 10 5 10 
Average of the number of indels per transcript 
 Within TauL1 0.01 0.02 0.02 0.02 0.01 0.01 0.01 
 Between TauL1 and TauL2 0.03 0.02 0.02 0.02 0.02 0.03 0.03 
 Within TauL2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
CV of the number of indels per transcript 
 Within TauL1 0.89 0.76 0.85 0.82 0.78 0.77 0.59 
 Between TauL1 and TauL2 0.34 0.44 0.46 0.51 0.43 0.44 0.25 
 Within TauL2 0.42 0.33 0.40 0.28 0.42 0.24 0.25 
aCoefficient of variation. 
  
  
Table IV-11. The number of SNPs mapped to the physical map of H. vulgare out of the 
SNPs identified in each transcript-read pairing of the ten leading Ae. tauschii 
accessions.  
 
 
Read 
TauL1 TauL2 
AT76 
PI 
49926
2 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
KU- 
2093 
Tr
an
sc
rip
t m
od
el
 Ta
uL
1 
AT76 28   
8042 
(32.9)  
2545 
(30.6)  
4043 
(29.2)  
2937 
(30.6)  
2499 
(33.1)  
14202 
(33.7)  
14948 
(33.2)  
15841 
(33.8)  
14356 
(33.6)  
PI4992
62 
5907 
(27.7)  
44 
  
9545 
(29.0)  
3496 
(28.8)  
10274 
(29.7)  
8719 
(30.2)  
5978 
(31.4)  
8874 
(29.5)  
8106 
(30.3)  
7486 
(29.8)  
KU-
2627 
1283 
(21.6)  
7019 
(27.9)  
83 
  
3967 
(28.8)  
2583 
(24.8)  
1918 
(26.2)  
13315 
(29.1)  
14110 
(29.4)  
14642 
(29.0)  
13173 
(29.1)  
KU-
2025 
6357 
(30.9)  
6523 
(34.1)  
10264 
(35.2)  
53 
  
10963 
(35.4)  
8979 
(35.4)  
8693 
(34.9)  
10216 
(34.0)  
9615 
(35.0)  
8467 
(34.9)  
KU-
2087 
1551 
(24.4)  
6921 
(27.5)  
2280 
(23.2)  
4099 
(28.6)  
40 
  
1835 
(23.8)  
13027 
(28.6)  
13639 
(28.5)  
14177 
(28.7)  
12556 
(27.9)  
KU-
2003 
1521 
(25.3)  
6217 
(29.8)  
2003 
(23.8)  
4249 
(31.2)  
2570 
(25.5)  
68 
  
14057 
(30.8)  
13536 
(29.7)  
15221 
(30.6)  
13634 
(30.4)  
Ta
uL
2 
KU-
2078 
8444 
(26.5)  
4428 
(29.5)  
14450 
(28.4)  
3550 
(26.3)  
15266 
(29.2)  
13135 
(29.2)  
76 
  
5091 
(25.4)  
3574 
(26.1)  
3459 
(25.3)  
KU-
2124 
8831 
(28.2)  
6735 
(28.8)  
15310 
(29.6)  
4143 
(27.3)  
15487 
(29.9)  
12891 
(29.3)  
5081 
(26.9)  
132 
  
5728 
(27.3)  
4968 
(26.8)  
KU-
2075 
8916 
(27.9)  
5704 
(29.0)  
14617 
(28.6)  
3725 
(27.4)  
14824 
(29.4)  
12522 
(29.7)  
3139 
(25.2)  
5269 
(27.0)  
91 
  
3658 
(26.7)  
KU-
2093 
9176 
(29.0)  
6581 
(30.7)  
15069 
(29.8)  
3936 
(30.2)  
15699 
(30.1)  
13562 
(30.7)  
3602 
(26.2)  
5436 
(27.1)  
4022 
(25.7)  
101 
  
The number in parenthesis indicates the ratio of the mapped SNPs to all SNPs in Table 
IV-2. 
  
  	
Table IV-12. The number of indels mapped to each chromosome of H. vulgare out of 
the indels identified in each transcript-read pairing of the ten leading Ae. tauschii 
accessions  
 
 
Read 
TauL1 TauL2 
AT76 
PI 
49926
2 
KU- 
2627 
KU- 
2025 
KU- 
2087 
KU- 
2003 
KU- 
2078 
KU- 
2124 
KU- 
2075 
KU- 
2093 
Tr
an
sc
rip
t m
od
el
 Ta
uL
1 
AT76 2  
411 
(30.0)  
128 
(27.1)  
198 
(28.0)  
144 
(25.9)  
126 
(27.4)  
738 
(30.5)  
711 
(28.1)  
793 
(30.5)  
692 
(30.9)  
PI49926
2 
245 
(21.6)  
0 
 
421 
(24.1)  
138 
(21.4)  
484 
(25.0)  
415 
(25.9)  
305 
(28.1)  
432 
(26.6)  
378 
(26.5)  
332 
(25.1)  
KU-
2627 
50 
(17.1)  
338 
(24.6)  
0 
 
189 
(27.2)  
129 
(23.1)  
85 
(22.4)  
666 
(25.5)  
667 
(25.7)  
746 
(26.6)  
631 
(26.9)  
KU-
2025 
282 
(24.9)  
299 
(27.3)  
466 
(28.4)  
0 
 
485 
(28.2)  
413 
(29.5)  
409 
(29.6)  
450 
(27.0)  
433 
(30.5)  
366 
(28.9)  
KU-
2087 
82 
(23.4)  
338 
(22.8)  
93 
(18.6)  
211 
(29.3)  
0 
 
98 
(23.3)  
671 
(25.4)  
701 
(26.1)  
709 
(25.6)  
578 
(24.9)  
KU-
2003 
91 
(28.3)  
337 
(27.6)  
87 
(21.3)  
212 
(30.7)  
121 
(22.1)  
2 
 
745 
(28.5)  
684 
(26.5)  
780 
(28.2)  
665 
(28.6)  
Ta
uL
2 
KU-
2078 
379 
(22.0)  
216 
(26.2)  
617 
(23.1)  
178 
(26.0)  
702 
(24.3)  
608 
(24.9)  
2 
 
252 
(21.4)  
179 
(23.6)  
160 
(20.8)  
KU-
2124 
423 
(24.3)  
329 
(25.0)  
744 
(26.2)  
190 
(23.5)  
784 
(27.2)  
640 
(25.7)  
241 
(21.4)  
2 
 
289 
(23.3)  
253 
(24.3)  
KU-
2075 
399 
(23.6)  
243 
(22.2)  
602 
(22.1)  
163 
(25.3)  
677 
(24.5)  
563 
(24.3)  
141 
(19.9)  
253 
(22.6)  
3 
 
179 
(24.4)  
KU-
2093 
449 
(25.9)  
326 
(27.3)  
680 
(25.5)  
182 
(27.3)  
755 
(27.0)  
620 
(26.6)  
174 
(22.2)  
272 
(24.4)  
177 
(21.0)  
0 
 
The number in parenthesis indicates the ratio of the mapped indels to all indels in Table 
IV-2.  
  
  

Table IV-13. Summary of the number of SNPs mapped to each chromosome of 
Hordeum vulgare.  
  1H 2H 3H 4H 5H 6H 7H 
Average number of 
SNPs        
 Within TauL1 528.0 920.1 909.5 757.4 929.4 549.8 413.4 
 Between TauL1 and TauL2 1555.8 1641.5 1599.0 1306.4 1849.0 1418.4 1818.0 
 Within TauL2 638.8 725.3 593.6 481.6 851.5 499.0 617.6 
CVa of the number of SNPs 
 Within TauL1 0.83 0.62 0.69 0.74 0.67 0.67 0.40 
 Between TauL1 and TauL2 0.29 0.42 0.44 0.47 0.39 0.33 0.23 
 Within TauL2 0.24 0.29 0.21 0.17 0.20 0.14 0.26 
Maximum number of SNPs 
 Within TauL1 1727 2111 2113 1883 2058 1346 783 
 Between TauL1 and TauL2 2103 2676 2564 2129 2808 2008 2382 
 Within TauL2 867 1137 774 610 1139 626 829 
Minimum number of SNPs 
 Within TauL1 176 206 147 118 152 133 177 
 Between TauL1 and TauL2 402 390 275 201 491 345 644 
 Within TauL2 396 487 375 354 625 405 416 
Average of the number of SNPs per transcript 
 Within TauL1 0.31 0.40 0.41 0.44 0.42 0.32 0.20 
 Between TauL1 and TauL2 0.80 0.65 0.66 0.70 0.77 0.79 0.82 
 Within TauL2 0.32 0.27 0.24 0.25 0.34 0.26 0.26 
CV of the number of SNPs per transcript 
 Within TauL1 1.00 0.69 0.76 0.82 0.72 0.67 0.52 
 Between TauL1 and TauL2 0.27 0.43 0.44 0.47 0.39 0.38 0.29 
 Within TauL2 0.23 0.30 0.23 0.18 0.22 0.13 0.27 
aCoefficient of variation. 
  
  
Table IV-14. Summary of the number of indels mapped to each chromosome of 
Hordeum vulgare. 
  1H 2H 3H 4H 5H 6H 7H 
Average number of indels        
 Within TauL1 24.8 41.9 46.0 36.5 41.7 26.3 18.9 
 Between TauL1 and TauL2 71.7 77.0 78.0 67.4 89.9 70.2 81.5 
 Within TauL2 31.8 33.8 29.1 26.6 43.7 26.0 22.9 
CVa of the number of indels 
 Within TauL1 0.64 0.55 0.74 0.75 0.68 0.76 0.49 
 Between TauL1 and TauL2 0.34 0.43 0.46 0.48 0.41 0.37 0.26 
 Within TauL2 0.22 0.52 0.27 0.25 0.23 0.41 0.36 
Maximum number of indels 
 Within TauL1 71 107 121 91 95 66 40 
 Between TauL1 and TauL2 118 140 135 115 144 112 110 
 Within TauL2 44 62 42 39 62 45 43 
Minimum number of indels 
 Within TauL1 6 8 7 2 5 4 8 
 Between TauL1 and TauL2 16 18 9 13 22 11 23 
 Within TauL2 17 14 16 18 30 8 12 
Average of the number of indels per transcript 
 Within TauL1 0.01 0.02 0.02 0.02 0.02 0.02 0.01 
 Between TauL1 and TauL2 0.04 0.03 0.03 0.04 0.04 0.04 0.04 
 Within TauL2 0.02 0.01 0.01 0.01 0.02 0.01 0.01 
CV of the number of indels per transcript 
 Within TauL1 0.79 0.60 0.83 0.82 0.74 0.78 0.59 
 Between TauL1 and TauL2 0.32 0.45 0.47 0.48 0.41 0.39 0.28 
 Within TauL2 0.21 0.53 0.28 0.26 0.26 0.43 0.34 
aCoefficient of variation. 
  
  
Table IV-15. Association between Iw2-linked markers and glaucous phenotypic 
variation in the 210 Ae. tauschii accessions.  
Marker name 
Genotyped 
accession 
No. 
Glaucous phenotype 
(N = 20) 
 
Non-glaucous 
phenotype (N = 190) 
Association 
analysisa 
KU-2003 
-type 
KU-2124 
-type 
 
KU-2003 
-type 
KU-2124 
-type P value 
scaf43829_3 208 9 11  55 133 0.60281 
scaf43829_4 197 9 11  174 3 4.47E-05 
scaf43829_9 210 8 12  189 1 1.98E-11 
scaf10812_6 186 0 20  142 24 1.48E-09 
scaf10812_2 208 0 20  135 53 8.70E-06 
scaf82981_1 209 1 19  148 41 1.36E-05 
scaf9655_1 210 0 20  48 142 0.7121 
The numbers of accessions for each genotype are shown in glaucous and non-glaucous 
phenotypes.  
aThe values were calculated based on a mixed linear model in the TASSEL ver. 5.0 
software.  
 
   
Table IV-16. RNA sequencing summary for 200 accessions of Ae. tauschii.  
Accession Input reads 
Filtered  
reads (%) 
Mapped  
reads (%)* 
PC1 
value 
PC2 
value 
PCA  
group 
KU-2080 6819286 4319249 (63.34%) 2697897 (62.46%) -15.09 -4.847 TauL2b' 
KU-2082 6746843 4388467 (65.04%) 3143142 (71.62%) 10.509 0.414 TauL1' 
KU-2083 6177358 3875675 (62.74%) 2610524 (67.36%) -15.972 8.749 TauL2a' 
KU-2086 6556766 4261192 (64.99%) 2977617 (69.88%) -16.744 10.473 TauL2a' 
KU-2088 3428584 2180793 (63.61%) 1377013 (63.14%) -15.628 -5.137 TauL2b' 
KU-2090 5038342 3368440 (66.86%) 2390372 (70.96%) -15.63 -5.037 TauL2b' 
KU-2091 9144965 6100302 (66.71%) 4234576 (69.42%) -16.317 -5.775 TauL2b' 
KU-2092 6728232 4370437 (64.96%) 2961192 (67.76%) -15.534 -4.673 TauL2b' 
KU-2063 5677907 3819760 (67.27%) 2509592 (65.70%) 10.323 0.362 TauL1' 
KU-2066 5948957 3961820 (66.60%) 2511209 (63.39%) 10.252 0.079 TauL1' 
KU-2068 5335220 3421456 (64.13%) 2474775 (72.33%) 9.883 -0.129 TauL1' 
KU-2069 5524860 3558712 (64.41%) 2396573 (67.34%) -17.112 10.587 TauL2a' 
KU-2074 7703178 5020494 (65.17%) 3513959 (69.99%) -15.993 -2.287 TauL2b' 
KU-2076 7350862 4773756 (64.95%) 3448341 (72.24%) -14.896 -4.332 TauL2b' 
KU-2077 6299608 4256049 (67.56%) 2929279 (68.83%) -13.849 -5.941 TauL2b' 
KU-2079 6412131 4305656 (67.15%) 2954076 (68.61%) -14.924 -4.505 TauL2b' 
KU-2039 5992252 3850123 (64.25%) 2288673 (59.44%) 10.224 0.326 TauL1' 
KU-2042 8184727 5398498 (65.96%) 3719635 (68.90%) 10.521 0.377 TauL1' 
KU-2043 7187672 4759057 (66.21%) 3139061 (65.96%) 10.745 0.468 TauL1' 
KU-2044 6911054 4716422 (68.24%) 3381380 (71.69%) 10.224 0.326 TauL1' 
KU-2050 6627575 4263680 (64.34%) 3264427 (76.56%) 10.671 0.162 TauL1' 
KU-2051 6856247 4180737 (60.97%) 2873156 (68.72%) 10.771 0.227 TauL1' 
KU-2056 6658099 4339336 (65.18%) 3081161 (71.01%) 10.161 0.052 TauL1' 
KU-2058 6465385 4275279 (66.13%) 2948831 (68.97%) 10.427 0.376 TauL1' 
KU-2059 4915864 3290349 (66.93%) 1601512 (48.67%) 10.232 0.118 TauL1' 
KU-2061 6364765 3840564 (60.34%) 2625139 (68.35%) 10.514 0.232 TauL1' 
KU-2010 6269588 4122124 (65.75%) 2682564 (65.08%) 9.95 -0.197 TauL1' 
KU-20-10 6110743 3725911 (60.98%) 2619501 (70.30%) -14.349 -12.741 TauL2b' 
KU-2016 6500904 4551051 (70.01%) 3459655 (76.02%) 10.39 0.024 TauL1' 
KU-2018 6144064 3893608 (63.37%) 2632449 (67.61%) 10.668 0.202 TauL1' 
KU-2022 6530669 4281887 (65.56%) 2564632 (59.89%) 10.515 0.137 TauL1' 
KU-2027 5625618 3510926 (62.41%) 2182130 (62.15%) 10.855 0.325 TauL1' 
KU-2028 6251922 3920111 (62.71%) 2116150 (53.98%) 10.66 0.417 TauL1' 
KU-2032 6934576 4390401 (63.31%) 2857306 (65.08%) 11.178 0.3 TauL1' 
KU-2035 5726524 3802328 (66.40%) 2604793 (68.51%) 10.725 0.488 TauL1' 
KU-20-1 6985888 4937774 (70.69%) 3331290 (67.47%) -15.187 5.921 TauL2a' 
KU-20-6 7007001 4367339 (62.32%) 2893734 (66.26%) 10.058 -0.098 TauL1' 
KU-20-7 6795065 4454097 (65.55%) 2697950 (60.57%) -17.234 10.843 TauL2a' 
KU-20-8 5814085 3799032 (65.34%) 2604683 (68.56%) -17.154 11.767 TauL2a' 
KU-20-9 5308866 3532998 (66.55%) 2107369 (59.65%) -15.687 -3.512 TauL2b' 
KU-2012 4335484 1362248 (31.43%) 866551 (63.61%) 9.889 -0.096 TauL1' 
KU-2008 3684737 1275759 (34.63%) 869461 (68.15%) 10.248 0.009 TauL1' 
KU-2154 3617073 1086873 (30.05%) 718524 (66.11%) 10.303 -0.038 TauL1' 
KU-2140 5911449 1952929 (33.04%) 1270468 (65.05%) 10.558 -0.097 TauL1' 
KU-2141 5517964 1955996 (35.44%) 1247893 (63.80%) 10.558 -0.097 TauL1' 
KU-2142 5401387 1839746 (34.06%) 1317124 (71.59%) 10.245 0.134 TauL1' 
KU-2143 4568129 1533576 (33.57%) 1018379 (66.41%) 10.548 0.452 TauL1' 
KU-2144 5669422 1848474 (32.60%) 1255879 (67.94%) 10.288 0.872 TauL1' 
KU-2149 4495996 1672333 (37.19%) 967633 (57.86%) 10.557 0.476 TauL1' 
KU-2150 4431483 1671528 (37.72%) 1085739 (64.95%) 9.767 0.166 TauL1' 
KU-2121 4141570 1316706 (31.80%) 807775 (61.35%) 10.186 0.276 TauL1' 
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KU-2122 3709626 1394960 (37.61%) 939601 (67.36%) 9.547 -0.367 TauL1' 
KU-2133 4978977 1773082 (35.62%) 1162884 (65.59%) 10.438 0.21 TauL1' 
KU-2137 5755162 2041486 (35.47%) 1382152 (67.70%) 10.558 -0.097 TauL1' 
KU-2107 5121652 1951349 (38.10%) 1368400 (70.13%) -16.228 -10.495 TauL2b' 
KU-2112 7151010 2795927 (39.10%) 2009583 (71.88%) -16.366 10.044 TauL2a' 
KU-2115 4456012 1609319 (36.12%) 1053756 (65.48%) 9.896 -0.192 TauL1' 
KU-2116 5162782 1973186 (38.22%) 1233897 (62.53%) 10.062 0.304 TauL1' 
KU-2118 6240675 2510992 (40.24%) 1577976 (62.84%) -16.667 10.44 TauL2a' 
KU-2096 5190984 2056977 (39.62%) 1296813 (63.04%) -15.519 -6.815 TauL2b' 
KU-2097 4690364 1689932 (36.03%) 1021195 (60.43%) -15.277 -8.939 TauL2b' 
KU-2098 4976522 1573204 (31.62%) 975177 (61.99%) -15.87 -6.027 TauL2b' 
KU-2100 4681962 1586716 (33.89%) 1060654 (66.85%) -15.187 -9.528 TauL2b' 
IG47193 5382698 2003087 (37.21%) 1223717 (61.09%) -16.775 7.435 TauL2a' 
KU-2835B 6956428 2907743 (41.80%) 2199623 (75.65%) -16.84 7.215 TauL2a' 
IG46623 6570607 2112431 (32.16%) 1543562 (73.07%) -15.067 -8.342 TauL2b' 
IG46666 8979390 3622237 (40.35%) 2738910 (75.61%) 10.078 0.541 TauL1' 
IG46682 11984056 3941290 (32.89%) 3148066 (79.87%) -13.852 -12.15 TauL2b' 
IG47182 11498380 4663892 (40.56%) 3739878 (80.19%) -16.445 10.413 TauL2a' 
KU-2821 6045747 2336991 (38.66%) 1944701 (83.21%) 9.968 -0.468 TauL1' 
KU-2822A 7358986 3157411 (42.91%) 2574274 (81.53%) 9.907 0.174 TauL1' 
KU-2826 7519789 2712129 (36.06%) 2175479 (80.21%) 10.02 -0.157 TauL1' 
IG48559 5049133 1793773 (35.54%) 1471546 (82.04%) 11.057 0.523 TauL1' 
CGN10768 6333921 2324520 (36.70%) 1734993 (74.64%) 10.224 -0.004 TauL1' 
KU-2832 5306134 1862130 (35.09%) 1509847 (81.08%) 10.205 0.468 TauL1' 
KU-2160 6788284 2643035 (38.93%) 2112344 (79.92%) 9.814 0.113 TauL1' 
KU-2155 5498165 1879405 (34.18%) 1422518 (75.69%) -15.757 -7.696 TauL2b' 
KU-2153 6750299 2669506 (39.55%) 2135932 (80.01%) 10.099 0.732 TauL1' 
KU-2152 4584902 1589856 (34.67%) 1243486 (78.21%) 10.612 0.507 TauL1' 
KU-2151 8843779 3210022 (36.30%) 2479998 (77.26%) 10.199 -0.46 TauL1' 
KU-2156 6301547 1561056 (24.77%) 852791 (54.63%) -16.822 10.784 TauL2a' 
KU-2157 13784106 3828593 (27.77%) 2411457 (62.99%) 10.032 -0.783 TauL1' 
KU-2158 1455857 421650 (28.96%) 285839 (67.79%) -12.915 -10.093 TauL2b' 
KU-2159 5726996 1934035 (33.77%) 1346695 (69.63%) -14.373 -10.936 TauL2b' 
KU-2138 5909728 2163968 (36.62%) 1755170 (81.11%) 10.558 -0.097 TauL1' 
KU-2145 6076998 2328813 (38.32%) 1829279 (78.55%) 9.94 0.958 TauL1' 
KU-2148 5381548 2121185 (39.41%) 1665015 (78.49%) 10.168 -0.564 TauL1' 
KU-2120 1587764 580476 (36.56%) 406300 (69.99%) 9.95 0.581 TauL1' 
KU-2126 468150 221100 (47.23%) 141933 (64.19%) -15.873 8.504 TauL2a' 
KU-2131 7822473 2665490 (34.07%) 1784684 (66.96%) 9.965 0.356 TauL1' 
KU-2132 3058624 1045244 (34.17%) 723174 (69.19%) 9.965 0.356 TauL1' 
KU-2136 1930391 680439 (35.25%) 478732 (70.36%) 10.558 -0.097 TauL1' 
KU-2109 17519991 5911507 (33.74%) 4195977 (70.98%) 6.301 -1.897 intermediate 
KU-2110 10529272 3594065 (34.13%) 2557709 (71.16%) -14.907 -6.247 TauL2b' 
KU-2111 4050830 1586454 (39.16%) 1056635 (66.60%) -16.743 10.415 TauL2a' 
KU-2108 5653525 1401020 (24.78%) 816846 (58.30%) -14.415 -7.336 TauL2b' 
KU-2113 4790964 1817847 (37.94%) 1333915 (73.38%) 10.104 0.283 TauL1' 
KU-2101 6108807 2075666 (33.97%) 1339041 (64.51%) -14.866 -7.773 TauL2b' 
KU-2102 1561185 611976 (39.20%) 467151 (76.33%) -15.121 -8.603 TauL2b' 
KU-2103 4769063 1990141 (41.73%) 1562430 (78.51%) -14.64 -7.576 TauL2b' 
KU-2104 3966566 1412436 (35.61%) 997566 (70.63%) -15.186 -12.169 TauL2b' 
KU-2105 19292398 4364264 (22.62%) 2687206 (61.57%) -14.409 -12.06 TauL2b' 
KU-2106 3379266 1325042 (39.21%) 916413 (69.16%) -14.274 -10.695 TauL2b' 
IG47186 6272221 2461151 (39.23%) 1810825 (73.58%) -16.239 5.733 TauL2a' 
IG47188 5587889 899380 (16.09%) 459954 (51.14%) -15.854 -6.634 TauL2b' 
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IG47192 7090054 1604326 (22.63%) 903942 (56.34%) -16.744 8.85 TauL2a' 
IG47194 5204278 1368516 (26.29%) 777360 (56.80%) -16.294 8.303 TauL2a' 
IG47196 5549737 1359712 (24.50%) 832720 (61.24%) 10.4 -0.47 TauL1' 
IG47199 6356883 2024492 (31.84%) 1255379 (62.01%) -15.785 7.604 TauL2a' 
IG47202 2290492 869754 (37.97%) 597846 (68.74%) -15.573 9.125 TauL2a' 
IG47203 3558449 1440367 (40.47%) 1069412 (74.25%) -17.041 9.006 TauL2a' 
IG47204 5213472 1728575 (33.15%) 1285922 (74.39%) -16.667 9.533 TauL2a' 
KU-2834 5808758 1359947 (23.41%) 876636 (64.46%) 9.665 0.183 TauL1' 
KU-2836 5903679 1552712 (26.30%) 964246 (62.10%) 10.052 0.171 TauL1' 
IG46663 5276511 1819606 (34.48%) 1264751 (69.51%) 10.058 0.15 TauL1' 
IG47173 6716815 2279600 (33.93%) 1469758 (64.47%) -16.884 9.01 TauL2a' 
KU-2814 5515240 1626980 (29.50%) 977267 (60.07%) 10.4 -0.073 TauL1' 
KU-2816 5237491 1803473 (34.43%) 1317196 (73.04%) 10.417 0.269 TauL1' 
KU-2823 4728792 1577316 (33.35%) 1156434 (73.32%) 10.035 0.086 TauL1' 
KU-2824 5399823 1720278 (31.86%) 1212151 (70.46%) 10.417 0.269 TauL1' 
KU-2827 27857423 13363743 (47.97%) 9402145 (70.36%) -8.379 3.694 intermediate 
KU-2828 6895692 2525490 (36.62%) 1459542 (57.79%) 9.562 -0.339 TauL1' 
KU-2829A 5171672 2473336 (47.82%) 1696881 (68.61%) -2.78 -2.918 intermediate 
KU-2635 5355272 3109180 (58.05%) 2307656 (74.22%) 10.242 0.41 TauL1' 
KU-2636 5172400 2693639 (52.08%) 1895328 (70.36%) 11.048 0.415 TauL1' 
KU-2638 4883547 2878931 (58.95%) 2220730 (77.14%) 11.065 0.385 TauL1' 
KU-2639 4449624 2825498 (63.50%) 2086592 (73.85%) 10.601 0.603 TauL1' 
KU-2801 4922077 2859542 (58.09%) 2093786 (73.22%) -14.578 -6.165 TauL2b' 
IG126489 3557587 1511651 (42.49%) 1065531 (70.49%) 10.372 0.293 TauL1' 
IG126991 4440115 2090316 (47.08%) 1237647 (59.21%) -16.195 5.227 TauL2a' 
IG127015 4957917 2306096 (46.52%) 1699993 (73.72%) -17.004 8.707 TauL2a' 
IG131606 4106657 1838206 (44.76%) 1299164 (70.68%) 10.85 0.646 TauL1' 
IG48567 4766102 1948435 (40.88%) 1565224 (80.33%) 10.654 0.057 TauL1' 
IG48747 4471261 1659583 (37.12%) 1175494 (70.83%) 10.171 0.734 TauL1' 
IG48748 4595521 1944643 (42.32%) 1479953 (76.10%) 10.487 0.279 TauL1' 
IG48758 4931908 2045427 (41.47%) 1461023 (71.43%) 10.262 -0.089 TauL1' 
IG49095 5424968 2482507 (45.76%) 1868773 (75.28%) 10.366 0.136 TauL1' 
IG108561 5569858 2046517 (36.75%) 1548399 (75.66%) 10.181 -0.057 TauL1' 
IG120735 5177243 2209742 (42.68%) 1554620 (70.35%) 10.123 0.481 TauL1' 
IG120736 4473737 1614198 (36.08%) 1162453 (72.01%) 10.597 0.281 TauL1' 
IG120863 4944767 2244661 (45.39%) 1418448 (63.19%) -16.369 8.421 TauL2a' 
IG120866 4588051 1932450 (42.12%) 1444133 (74.73%) -15.202 -8.923 TauL2b' 
IG47259 4439429 2019195 (45.48%) 1395777 (69.13%) 10.46 -0.361 TauL1' 
IG48042 4178363 1677139 (40.14%) 1252210 (74.66%) 9.759 -0.139 TauL1' 
IG48274 3818405 1497824 (39.23%) 849123 (56.69%) -15.747 4.847 TauL2a' 
IG48508 4917179 1944886 (39.56%) 1325461 (68.15%) 10.034 0.024 TauL1' 
IG48518 4819312 2021112 (41.93%) 1523100 (75.36%) 9.892 0.496 TauL1' 
IG48539 5443972 2479824 (45.55%) 1571597 (63.38%) 10.418 0.377 TauL1' 
IG48554 4861199 1936818 (39.85%) 1356079 (70.02%) 10.64 0.559 TauL1' 
KU-2001 5540659 2513739 (45.37%) 1714077 (68.19%) 10.617 0.091 TauL1' 
IG48564 4574351 1793069 (39.20%) 1025644 (57.20%) 10.542 0.42 TauL1' 
IG48565 5612923 2284273 (40.70%) 1500044 (65.67%) 10.151 0.292 TauL1' 
KU-2804 5311490 3005848 (56.59%) 2205380 (73.37%) - - - 
KU-2806 3507113 2017365 (57.52%) 1507363 (74.72%) - - - 
KU-2809 4412750 2397868 (54.34%) 1820909 (75.94%) - - - 
KU-2810 3965687 2274888 (57.36%) 1730923 (76.09%) - - - 
KU-2811 5517586 2914159 (52.81%) 2186293 (75.02%) - - - 
KU-2612 4641629 2479808 (53.42%) 1912064 (77.11%) - - - 
KU-2616 4528243 2537676 (56.04%) 1901204 (74.92%) - - - 
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KU-2617 4485528 2530287 (56.41%) 1908371 (75.42%) - - - 
KU-2619 3432545 1958825 (57.06%) 1512561 (77.22%) - - - 
KU-2621 5096163 2779306 (54.54%) 2115595 (76.12%) - - - 
KU-2624 4343021 2590198 (59.64%) 1974159 (76.22%) - - - 
KU-2630 4946393 2844925 (57.51%) 2151670 (75.63%) - - - 
KU-2632 5231051 2835211 (54.20%) 2159736 (76.18%) - - - 
KU-2633 4748882 2518096 (53.02%) 1893863 (75.21%) - - - 
PI476874 5040708 2841630 (56.37%) 2146570 (75.54%) - - - 
CGN10731 4991606 2952109 (59.14%) 2274209 (77.04%) - - - 
CGN10732 5300482 2996317 (56.52%) 2232768 (74.52%) - - - 
CGN10733 4912008 2479989 (50.48%) 1861284 (75.05%) - - - 
CGN10734 4361545 2566022 (58.83%) 1976551 (77.03%) - - - 
CGN10767 4890959 2522872 (51.58%) 1916894 (75.98%) - - - 
KU-2006 5476969 3127867 (57.11%) 2332879 (74.58%) - - - 
CGN10769 5017213 2641774 (52.65%) 1990842 (75.36%) - - - 
CGN10770 4513795 2654505 (58.81%) 2051353 (77.28%) - - - 
CGN10771 4436288 2476652 (55.82%) 1858872 (75.06%) - - - 
AT80 6349051 3771519 (59.40%) 2790628 (73.99%) - - - 
PI486267 7755263 4610879 (59.45%) 3378170 (73.27%) - - - 
PI486270 8131880 5016885 (61.69%) 3609777 (71.95%) - - - 
PI486274 8466143 5467340 (64.58%) 3973247 (72.67%) - - - 
PI486277 7954584 4552850 (57.23%) 3300773 (72.50%) - - - 
PI508262 9538335 6283880 (65.88%) 4489176 (71.44%) - - - 
PI508264 6902867 4239363 (61.41%) 3064572 (72.29%) - - - 
PI554319 10596825 6402041 (60.41%) 4543569 (70.97%) - - - 
AE454 38934015 20232786 (51.97%) 14337531 (70.86%) - - - 
AE457 6153982 3260675 (52.99%) 2278171 (69.87%) - - - 
AE929 5667019 2800306 (49.42%) 1923408 (68.69%) - - - 
AE933 5302886 2774333 (52.32%) 1934342 (69.72%) - - - 
AE1037 5535895 3016576 (54.49%) 2102857 (69.71%) - - - 
AE1038 5691326 3117049 (54.78%) 2143315 (68.76%) - - - 
AE1090 6514999 3525300 (54.11%) 2433819 (69.04%) - - - 
AT47 5912152 3138428 (53.08%) 2191314 (69.82%) - - - 
AT55 6220482 3600459 (57.88%) 2485815 (69.04%) - - - 
AT60 6418786 3711922 (57.83%) 2569696 (69.23%) - - - 
IG123910 5972317 3125804 (52.34%) 2158207 (69.04%) - - - 
IG126273 4945176 2700256 (54.61%) 1863707 (69.02%) - - - 
IG126280 8599644 4504253 (52.38%) 3104244 (68.92%) - - - 
IG126293 9070450 4747436 (52.35%) 3213121 (67.68%) - - - 
IG126353 7564707 4286494 (56.66%) 2954674 (68.93%) - - - 
IG126387 6992357 3913135 (55.97%) 2646985 (67.64%) - - - 
*Percentage of reads mapped to the unigenes of KU-2087 in filtered reads.  
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Chapter V  
General discussion  
 
In this dissertation, phenotypic, genetic, and genealogical analyses provided some clues 
to the Ae. tauschii accessions which have been involved in the common wheat speciation. 
In Chapter II, phenotypic survey of glaucous variation and genetic analyses of the two 
loci conferring non-glaucousness suggested that glaucous Ae. tauschii accessions, which 
have W2W2iw2iw2W4W4 genotype and do not include subspecies strangulata, have 
provided the D genome to common wheat. In Chapter III, QTL analysis for spikelet and 
grain morphological traits indicated that QTL-concentrated region on chromosome 7D 
contributes to subspecies differentiation within TauL2 lineage, and that accessions 
genealogically close to subspecies strangulata could be classified as subspecies tauschii. 
In Chapter IV, phylogenetic analyses using non-redundant SNPs derived from RNA 
sequencing confirmed that TauL2b (or TauL2b’ in this study) is more closely related to 
the D genome of common wheat than TauL1 and TauL2a. Taken together, the Ae. tauschii 
accessions that had the W2W2iw2iw2W4W4 genotype, belonged to TauL2b, and were 
genetically close to subspecies strangulata but classified as subspecies tauschii, have 
contributed the D genome to common wheat. Three accessions, KU-2106, KU-2158, and 
KU2159, meet these criteria, all of which were collected from southwestern coastal region 
of Caspian Sea, consistent with the early genetic studies (Tsunewaki 1966; Nakai 1978; 
Dvorak et al. 1998). The phylogenetic tree showed that four accessions of subspecies 
strangulata were in the same branch as common wheat (Figure IV-11B). On the other 
hand, subspecies strangulata was excluded from candidates of the D-genome progenitor 
due to the complete lack of glaucous phenotype (Figure II-1). This contradiction might 
be due to the small number of the non-redundant SNPs, or the removal of 48 Ae. tauschii 
accessions from the phylogenetic analysis. In addition, the common wheat used in this 
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study was just one cultivar CS, which does not represent the whole genetic variation of 
common wheat. The involvement of various common wheat cultivars in this analysis 
would refine the genealogical relationship between the D genomes of Ae. tauschii and 
common wheat.  
Linkage analyses using F2 mapping populations revealed that a small number of 
genetic loci were related to phenotypic variation in Ae. tauschii, such as Iw2 on 
chromosome 2DS and W4 on 3DL to glaucousness (Chapter II), Antr on 5DS to awn 
length, QTLs on 3D and 4D to lineage diversification, and QTLs on 7D to subspecies 
differentiation (Chapter III). However, no loci have been cloned with limited information 
on the genome sequence. RNA-seq-derived SNPs in Chapter IV and recently released 
reference genome of Ae. tauschii will accelerate map-based cloning of these loci and 
molecular characterization of the causal genes.  
In conclusion, the present study re-evaluated the population structure of Ae. tauschii, 
through phenotypic and genetic analyses of diagnostic traits important for intraspecific 
diversification, and through genomic dissection of the intragenic region. These analyses 
revealed some genetic loci related to phenotypic variation and provided new insights into 
the common wheat speciation. In addition, genome-wide SNP dataset was obtained 
through RNA-seq analysis of Ae. tauschii core collection, which will accelerate 
identification of genetic loci conferring to agronomically important traits and thus 
contribute to common wheat breeding programs.   
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